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Preface 
The direct utilization of fossil resource, such as coal, petroleum and nature gas as 
fuel has promoted the high speed development of economy and society. However, the 
finite resources of fossil fuels along with environmental concerns have stimulated a 
broad intensive to search for alternative energy sources. In this context, ethanol is being 
considered as a promising alternative synthetic fuel to be used as a fuel additive or a 
potential substitute for gasoline. As a fuel, ethanol has the advantages: it is nontoxic, 
easy to store and transport, and has a high energy density comparable to that of gasoline. 
In addition, renewable ethanol can also be used as an important feedstock for the 
synthesis of various industrial chemicals and polymers. Currently, ethanol is produced 
primarily by ethylene hydration and biomass-derived resources fermentation. However, 
these processes have to face great challenges due to the oil resources shrinking and 
costly biological process. Syngas (CO+H2), a type of non-petroleum resource, can be 
readily produced from a variety of carbon resources such as natural/shale gas, coal, 
biomass, and even CO2. Therefore, the catalytic conversion of syngas to ethanol is 
considered as one of the most promising ethanol synthesis routes. 
At present, the direct synthesis of ethanol from syngas has been widely studied, but 
the usage of the expensive Rh-based catalyst and the low formation rate of ethanol 
prevented it from commercialization. The new development methods for production of 
ethanol from syngas and dimethyl ether (DME) or dimethyl oxalate (DMO) as the 
intermediate has gained increasing attention in recent years. The successful 
industrialization of DME and DMO production from syngas makes ethanol synthesis 
through these two ways a promising prospect. In the method using DME as feedstock, 
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the DME was firstly converted to methyl acetate (MA) through carbonylation, and then 
the formed MA is further hydrogenated to ethanol. Until now, only two zeolite catalysts 
were discovered carbonylation ability for converting DME into MA. But both two 
zeolites suffered from rapid deactivation because of coke deposition. Another 
interesting method for ethanol production via DMO hydrogenation is still suffered from 
poor catalytic selectivity and stability using the Cu catalyst supported by silica support. 
Therefore, discovering or designing efficient catalysts for ethanol production from 
syngas with excellent performance is very attractive but challenging.  
In chapter 1, we discovered EU-12, a new ETL type zeolite, has excellent catalytic 
performance for DME carbonylation to methyl acetate (MA). This finding added a 
brand new zeolite to the solid catalysts family for carbonylation reaction. By 
investigating the catalytic performance for DME carbonylation reaction over H-type of 
EU-12 (HEU-12), we found that it has excellent catalytic performance and high MA 
selectivity (above 90%) at 220 oC. By studying the reaction mechanism, we revealed 
that the DME carbonylation over HEU-12 zeolite obeys the mechanism of methoxyl 
groups on Brønsted acidic sites interacting with the activated CO by Lewis acidic sites 
to generate the intermediate of acetyl groups. 
In chapter 2, ethanol was directly synthesized from DME and syngas with the 
combination of zeolite catalyst and CuZnAl catalyst in a dual-catalyst bed reactor. In 
order to improve the catalytic performance, a novel dual-catalyst bed reactor was 
designed. In this novel dual bed process, the DME and CO were introduced into the first 
catalyst bed layer to perform the carbonylation reaction, but H2 was directly introduced 
into the second catalyst bed layer through an independent stainless steel tube equipped 
with evenly distributed holes to accomplish the hydrogenation of MA to ethanol. 
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Benefitting from the precise control of the distribution of the reactants on the surface of 
different catalysts, an improved catalytic performance was realized compared with the 
conventional dual bed reactor which introduced DME and syngas into the reactor 
simultaneously. 
 In chapter 3, a series of cerium promoted Cu/SiO2 (xCe-Cu/SiO2) catalysts was 
precisely designed and prepared by urea-assisted gelation approach, and their catalytic 
properties were comprehensively evaluated in the hydrogenation of DMO to ethanol. 
The structure and chemical properties of synthesized catalysts were well characterized 
by means of various techniques. The characterization results revealed that addition of 
appropriate Ce promoter to Cu/SiO2 catalyst remarkably improved the Cu dispersion 
and retarded the sintering of small-sized Cu species. The strong interaction between Ce 
promoter and Cu species substantially changed the redox properties of Ce-Cu/SiO2 
catalysts and made the Cu2+ species easy to be reduced. For ethanol synthesis from 
DMO, significant improvements in ethanol selectivity and stability can be realized over 
cerium promoted Cu/SiO2 catalyst. 
In brief, some heterogeneous catalysts for developing new ethanol synthesis 
method were precisely designed and prepared. The improved catalytic performance was 
realized over these new design and fabrication of catalysts.   
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 Chapter 1  
A Brand New Zeolite Catalyst for Carbonylation Reaction 
Carbonylation reaction is an important route to synthesis carbonyl-containing 
chemical compounds. EU-12 zeolite was discovered to possess unreported catalytic 
performance for carbonylation reaction converting dimethyl ether to methyl acetate. 
 
 
 
MA
Sel. ＞90%
DME
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Abstract 
Carbonylation is an effective way to introduce carbonyl groups into organic 
chemicals. However, the known zeolite candidates for carbonylation are very few. Here, 
we discovered a new zeolite EU-12 that shows excellent catalytic performance for 
carbonylation reactions, inserting carbonyl groups into dimethyl ether (DME) to 
produce methyl acetate (MA). This finding adds a brand new zeolite to the solid catalyst 
family for carbonylation reaction. 
Keywords: Carbonylation, EU-12 zeolite, Dimethyl ether, Methyl acetate 
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1.1. Introduction 
Inserting carbonyl group into organic chemicals to produce carbonyl-containing 
chemical compounds is a crucial process in chemistry [1-3]. The catalysts used for 
carbonylation are usually homogeneous or heterogeneous [4-7]. Zeolites are one 
promising catalyst family for carbonylation reactions because of their advantages of 
green synthesis, easy separation from the products and the ability of regeneration. 
However, the number of zeolite candidates in this catalyst family is fairly low. Until 
now, only Y, MOR, ZSM-5 and ZSM-35 zeolites, have been discovered to exhibit their 
catalytic performance for carbonylation reactions. In addition, they are used for 
carbonylation of methanol or DME to produce acetic acid or MA [8,9]. The traditional 
catalysts for carbonylation reaction usually use halide complexes or Rh/Ir 
organometallic complexes, which are toxic to human health and harmful to environment 
[10-12]. The zeolite catalysts of Y, ZSM-5 and MOR were first discovered by Fujimoto 
et al. in 1984 for methanol carbonylation [8]. Iglesia et al. investigated a series of zeolite 
catalysts and proved that only MOR and ZSM-35 zeolite possess carbonylation ability 
to convert DME into MA at relatively low reaction temperatures (150-230 oC). 
However, both the zeolites suffer from rapid deposition of coke species [9]. 
Discovering more zeolite candidates for the carbonylation reaction is very crucial 
for organic chemicals synthesis through introducing carbonyl group via heterogeneous 
catalysis. In this study, we found a new zeolite EU-12 that has excellent carbonylation 
performance for DME conversion to produce MA, as illustrated in Scheme 1. Compared 
to MOR and ZSM-35, EU-12 exhibits better stability and higher MA selectivity. 
Possibly, EU-12 will be a more promising zeolite candidate for DME carbonylation to 
MA. 
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EU-12, an Endinburgh University-twelve (ETL) type zeolite, was first reported by 
Araya et al. in 1986 as a new ETL-type zeolite [13]. EU-12 zeolite has a unique 
framework topology that contains two-dimensional types of straight 8-MR (4.6 ×2.8 and 
5.0 ×2.7 Å) channels along c axis. The smaller one connects with the sinusoidal 8-ring 
(4.8 ×3.3 Å) channel along the a-axis, whereas the other larger one links to sinusoidal 
channels by sharing 8-rings (4.8 ×2.6 Å) in the ac plane [14]. The EU-12 zeolite is 
known to exhibit unique acid-catalytic properties and excellent ethane selectivity as a 
shape-selective catalyst for low-temperature dehydration of ethanol [14]. However, its 
ability for carbonylation reaction has not been reported until now. The special feature of 
EU-12 zeolite has attracted our attention because of its special 8-MR channels, which 
suggests its potential ability for preferential CO adsorption with methoxyl species to 
generate acetyl group [15,16]. These characteristics indicate that EU-12 zeolite is a 
potential candidate for carbonylation reaction. However, only the original synthesis 
patent and the zeolite structure description have been reported for EU-12 zeolite. As 
described by Bae et al., the preparation of EU-12 zeolite is very rigorous to both Al and 
Rb contents in the mixture composition [14]. When the Rb2O/ (Rb2O+Na2O) ratio in the 
gel was fixed at 0.7, the SiO2 /Al2O3 ratio in the final EU-12 zeolite sample was found 
to be 20 only. In this study, we used choline chloride (ChCl) as an organic 
structure-directing agent (OSDA) to prepare EU-12 zeolite. 
 
1.2. Experimental section 
1.2.1 Preparation of catalysts 
The reagents used for EU-12 zeolite synthesis included aluminum hydroxide 
(Al(OH)3 ·1.0 H2O, Aldrich), rubidium hydroxide (RbOH, 50 wt% aqueous solution, 
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Aldrich), colloidal silica (Ludox AS-30, 30 wt%, Aldrich) and Choline chloride (ChCl, 
99 wt%, Wako), sodium hydroxide (NaOH, 99 wt%, Wako). The final composition of 
the synthesis mixture was 2.0ChCl: 0.3Rb2O: 0.7Na2O: 0.25Al2O3: 5.0SiO2: 100.0H2O. 
In a typical run, Al(OH)3 and RbOH were slowly added into distilled water with 
magnetic stirring to prepare an aluminate solution. Then a mixture of colloidal silica, 
ChCl and water was added into the prepared aluminate solution and was kept stirring 
for 24 h. Finally, the synthesis mixture was subjected to a hydrothermal treatment at 150 
oC under 5 rpm rotation for 7 days. The resultant product was filtered, washed 
repeatedly with deionized water, and dried overnight at 100 oC. As-synthesized zeolite 
was calcined under air atmosphere at 600 °C for 6 h to remove the organic 
structure-direction agent (OSDA), as made EU-12. The calcined sample was then 
exchanged three times in 1.0 M ammonium nitrate (NH4NO3, 99 wt%, Wako) solution 
at 80 oC for 6 h followed by drying at 110 oC overnight and calcination at 550 oC for 4 h 
in order to obtain its proton (H+) form, which denoted as HEU-12.  
The produce of regeneration spent EU-12 zeolite was referred the method reported 
by Lucas et al. [17]. The spent EU-12 zeolite after reaction for 50 h was calcined at 200 
oC for 1 h under air atmosphere, then heated to 500 oC and maintained for 2 h, and 
finally heated to 700 oC for 0.5 h. 
The Cu/EU-12 (0.8 wt% Cu, measured by XRF) zeolite was prepared by 
ion-exchange method. Firstly, 0.02 mol/L Cu(NO3)2 solution was prepared, and EU-12 
was added to this solution to form a suspension. After stirred at 80 oC for 4 h, it was 
filtered, washed with excess deionized water, and then dried at 100 oC overnight. The 
final sample was calcined at 500 oC for 5 h. Before reaction, the Cu/EU-12 sample was 
reduced at 300 oC for 4 h in H2 atmosphere. All the reference zeolites, such as HMOR, 
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HFER, HZSM-5, HY and H-Beta were purchased from Tosoh Catalyst Plant (Tosho., 
CO, Tokyo, Japan). 
1.2.2 Catalyst Characterization 
Powder X-ray diffraction (XRD) pattern of the HEU-12 zeolite was recorded on a 
Rigaku D/max-2550V diffractometer by employing Cuk radiation (1.54056 Å) at 
room temperature. Data points were acquired by scanning at a rate of 0.02o s-1 from 2= 
5o to 2= 50o. The surface morphology and average size of HEU-12 zeolite were 
observed using a scanning electron microscope (SEM, JEOL JSM-6360LV). NH3 
temperature-programmed desorption (NH3-TPD) was performed by using a 
BELCAT-B-TT catalyst analyzer (BEL Japan CO. Ltd.) equipped with a thermal 
conductivity detector (TCD) to characterize the acidic property of zeolite. In a typical 
procedure, 40 mg of sample was pretreated in flowing helium gas (He, 30 mL min-1) at 
500 °C for 1 h and then cooled down to 100 oC. At this temperature, the sample was 
purged with He for 30 min and then 5% NH3 in Ar passed over the sample for 30 min. 
The treated sample was subsequently purged by He at the same temperature for 30 min 
to remove physically adsorbed NH3. TPD was performed in flowing He (30 mL min
-1) 
from 100 to 800 °C with a heating rate of 10 °C min-1. Thermogravimetric (TG) 
analysis of the fresh EU-12 sample without calcination was performed on a Shimadzu 
DTG-60 thermal analyzer. In a typical TG measurement, the temperature was heated 
from room temperature to 800 oC with a ramping rate of 10 oC min-1 under air 
atmosphere. Nitrogen absorption/desorption isotherms were measured at -196 oC using 
Micromeritics 3Flex analyzer. Prior to measurement, the samples were degassed at 200 
oC under vacuum for 4 h. The total surface area was calculated using the 
Brunauer-Emmett-Teller (BET) method; the pore volume was obtained from the 
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Horvath-Kawazoe (HK) equation; the micropore volume and external surface area were 
calculated by employing the t-plot method. The Si/Al molar ratio of HEU-12 zeolite 
was confirmed by energy dispersive X-ray fluorescence (XRF) spectrometry (PHILIPS, 
PW2404R). The 27Al and 29Si Solid-state magic angel spinning (MAS) NMR spectra 
were carried out on JEOL JNM-ECX500 spectrometer.  
The coke-deposited sample was obtained after the DME carbonylation reaction at 
220 oC for time on stream (TOS) of 50 h. The amount and location of the deposited 
carbon in the spent HEU-12 were investigated by both quantitative and qualitative 
methods. For the quantitative analysis, the total coke weight was determined by TG 
analysis, assuming that the weight loss above 200 oC of the spent HEU-12 zeolite was 
entirely due to coke combustion. The location of coke on the spent HEU-12 zeolite was 
determined by N2 adsorption-desorption isotherm. The amount of internal coke in the 
zeolite micropores was calculated from the decrease in the micropore volume of the 
spent HEU-12 sample, as compared with the pristine HEU-12 sample. In this 
calculation method, we assumed that the coke density was 1.22 g·cm-3. The amount of 
external coke (coke deposited on the external surface) was calculated by subtracting the 
internal coke content from the total coke content and based on the assumption that the 
remaining micropores volume in the spent catalyst was fully accessible to N2 molecules 
through the three dimensionally interconnected zeolite channels. The coke analysis 
method was reported by Ryoo at al [18]. In situ diffuse reflectance infrared Fourier 
transform (DRIFT) spectroscopy was performed on a Nicolet Nexus 470 FTIR 
spectrometer equipped with a diffuse reflectance attachment and with a MCT detector. 
The catalyst powder weighing about 20 mg was placed in a diffuse reflectance infrared 
cell with a ZnSe window. The spectra were recorded by collecting 32 scans at 2 cm-1 
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resolution. Prior to adsorption, the HEU-12 sample was dehydrated under He 
atmosphere at 500 oC for 2 h. In a typical experiment, the temperature was reduced to 
the reaction temperature after pretreatment and the background spectrum was recorded 
prior to introduction of DME into the cell at ambient pressure. After the steady state was 
obtained, He was introduced to remove DME and the adsorbed groups. CO was then 
introduced for 30 min, followed by purging with He. Then the 3.03% Ar/4.13% 
DME/92.84% CO as reactant gas was introduced with the flow rate of 20 mL/min. Once 
the steady state was reached, He was flowed into the cell again. 
 
1.2.3 Catalytic activity tests 
The catalytic performance valuation of HEU-12 zeolite was conducted in a 
packed-bed stainless steel reactor (9.5 mm outside diameter) heated by an external 
heater. The prepared catalyst was sieved into 20-40 mesh. In a typical run, 0.5 g zeolite 
was loaded into the reactor. Prior to reaction, catalyst was heated to 500 oC and kept for 
2 h to remove impurity and adsorbed water under N2 flowing. Then, the feedstock gas 
consisting of 3.03% Ar/4.13% DME/92.84% CO with 1.5 MPa was introduced into 
reactor at 20 mL/min. The effluent gas was analyzed by an online gas chromatograph 
(GC) equipped with TCD (Porapak Q column for DME and Activated carbon column 
for Ar, CO, CO2 and CH4), while the MA and methanol (MeOH) in off-gas were 
collected by ice trap using 1-butanol as solvent. The liquid products were analyzed by 
another Shimadzu 2014-8A equipped with a flame-ionization detector (FID) with a 
Gaskuropack 54 column. Internal standard quantitation method was used to determine 
the amount of MA and MeOH with 1-propanol as internal standard. All of the products 
selectivity in this report was calculated with molecular base. DME conversions (CDME) 
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as well as products selectivity (SMA, SMeOH, SCH4 and SCO2) were calculated by the 
following equations: 
CDME = (XDME, in /XAr, in – XDME, out /XAr, out) / (XDME, in /XAr, in) ×100% 
SMA = [MA]/ ([MA] + [Methanol] + [CH4] + [CO2]) 
SMeOH = [Methanol]/ ([MA] + [Methanol] + [CH4] + [CO2]) 
SCO2 = [CO2]/ ([MA] + [Methanol] + [CH4] + [CO2]) 
SCH4 = [CH4]/ ([MA] + [Methanol] + [CH4] + [CO2]) 
(XDME, in: mole fraction of DME in feed gas; XDME, out: mole fraction of DME in 
exit gas; XAr, in: mole fraction of Ar in feed gas; XAr, out: mole fraction of Ar in exit gas; 
“[MA]”, “[Methanol]” “[CH4]” and “[CO2]” stand for the amounts in products.) 
 
1.3. Results and discussion 
1.3.1 Catalyst characterization 
As shown in Figure 1.1a, the EU-12 zeolite structure was identified by comparing 
the diffraction peaks of sample with the standard data in the literature (PDF: 
00-048-0733) [14]. All the diffraction peaks belonged to the EU-12 zeolite. In Figure 
1.1b, the thermogravimetric (TG) curve of the fresh EU-12 sample without calcination 
showed an exothermic loss (about 14.6%) at around 600 oC. The decomposition of 
organic compounds at this high temperature indicated that the EU-12 zeolite contained 
many channels smaller than 10-rings [14]. For the analysis of acidic properties of the 
EU-12 sample, two major desorption peaks at 200 oC and 530 oC were found in its 
NH3-TPD curve in Figure 1.1c. These two peaks can be assigned to weak acid sites or 
extra framework aluminium (EFAl) and strong (Brønsted and/or Lewis) acid sites, 
respectively [19]. The acid sites amount was summarized and given in Table 1.1. As 
  
Chapter 1 
10 
 
shown in Figure 1.1d, the N2 adsorption-desorption isotherm of EU-12 zeolite exhibited 
a type-Ⅰisotherm, suggesting its classic microporous structure. The structure features 
and textural properties of EU-12 zeolite were also illustrated in Table 1.1. The EU-12 
zeolite had a surface area of 330.2 m2/g and a micropore volume of 0.588 cm3/g. As 
exhibited by the SEM image of the sample in Figure 1.1e, the EU-12 zeolite presented a 
typical morphology as a bar shape with about 0.5 μm in diameter and 3 μm in length. 
XRF analysis suggested that the Si/Al was 8.3. Two major peaks centered at -112 and 
-105 ppm and a less intense peak at -99 ppm were found in the 29Si MAS NMR spectra 
in Figure 1.2a, which correspond to the Si(0Al), Si(1Al) and Si-OH species, 
respectively [20]. This result indicated that the Si atoms in the EU-12 zeolite were 
mainly at the Si(0Al) and Si(1Al) sites. As seen in Figure 1.2b, the 27Al MAS NMR 
spectra, the large peak at 51 ppm was assigned to tetrahedrally coordinated framework 
Al (Al IV), whereas the small peak near 0 ppm was attributed to octahedrally 
coordinated EFAl [20].  
 
1.3.2 Reaction performance 
We demonstrated the high stability and excellent selectivity of H-type of EU-12 
(HEU-12) zeolite for carbonylation reaction, in which DME was used as the starting 
material to produce MA. Figure 1.3 displays the catalytic performance of the HEU-12 
zeolite for DME carbonylation as a function of time on stream (TOS) from 220 oC to 
240 oC at 1.5MPa. It seems that the HEU-12 zeolite shows better catalytic performance 
for DME carbonylation at 220 oC. The DME conversion is more stable without 
significant deactivation, and MA selectivity is always higher than 90% with only few 
methanol and hydrocarbon species as by-products. Higher reaction temperatures such as 
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230 oC and 240 oC lead to the rapid deactivation of HEU-12 as well as lower MA 
selectivity and more by-products.  
On the by-products, a small amount of CO2 was mainly ascribed to water-gas-shift 
(WGS) reaction and CH4 was attributed to the decomposition of surface methoxyl 
groups and DME, as verified by a previous research [21,22]. Additionally, it was 
reported that DME and the formed MA could be decomposed into CO2 and CH4 on the 
acids sites of zeolite above 230 oC. Methanol was the main by-product during the 10 h 
test, which was attributed to a quasi-equilibrated reaction of DME with acidic protons 
(mainly Brønsted acid) [19]. It was found that under the reaction conditions studied here, 
the deactivation rates and the selectivity of major by-products (methanol and CO2) 
increased slightly with increase in the reaction temperature though higher catalytic 
activity was obtained at 240 oC. These results demonstrated that higher reaction 
temperatures realized better DME conversion, but at the same time leaded to 
homologation and oligomerization side-reactions to form other hydrocarbons and coke. 
The coke contents in the spent HEU-12 zeolites were detected using TG analysis 
(Figure 1.4). 
To investigate the catalytic lifetime of HEU-12 zeolite, further reaction test for as 
long as 50 h was carried out at the optimized condition of 220 oC and 1.5 MPa (Figure 
1.5). The conversion of DME decreased form 15.7% at 2 h to 10.0% at 30 h and then 
became stable. Moreover, the selectivity of MA was maintained above 90% during the 
total reaction process. This result confirmed that the stability of HEU-12 is better than 
that of HMOR and HZSM-35 under the same reaction conditions (Figure 1.6a-c). Other 
reference zeolites of Y, Beta, and ZSM-5 exhibited rapid deactivation and zero MA 
selectivity (Figure 1.7a-c). These results indicate that the zeolites with only 10-MR or 
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12-MR but no 8-MR, such as Beta, Y, and ZSM-5, were inactive for DME 
carbonylation to MA.  
 The reaction mechanism of DME carbonylation over HEU-12 zeolite was also 
studied using in situ diffuse reflectance infrared Fourier transform (DRIFT) 
spectroscopy. As indicated by Figure 1.8A and B, the adsorption of single DME is on 
the Brønsted acid sites for methoxyl group formation, and the adsorption of pure CO is 
on the Lewis acid sites of HEU-12 [23-25]. Three negative bands at 3737, 3708 and 
3590 cm-1 were induced after exposure to DME gaseous. Generally, the band at 3590 
cm-1 is attributed to DME interaction with the Brønsted acid sites in 8-MR channels. 
The bands at 3708 and 3737 cm-1 are associated with the AlOH and the internal and 
terminal or external SiOH groups, respectively [26]. A series of broad peaks are 
observed in the range of 2700-3100 cm-1, which is attributed to the symmetric and 
asymmetric C-H stretching of methyl, indicating the generating of methoxy species by 
DME reaction with the Brønsted acidic sites [27]. The weak L1 (2304 cm
-1) band is 
attributed to CO on strong Lewis acid sites (e.g., extra-framework Al3+) and L2 (2177 
cm-1) sites correspond to penta-corrdinated Al3+ site while the peak at 2111 cm-1 is 
assigned to CO interested with acidic O-H groups via H-bonding [28]. The in situ 
DRIFT analysis on DME carbonylation was performed at different reaction 
temperatures, namely, 220 and 240 oC (Figure 1.9). Higher reaction temperatures 
facilitated the activation of DME and CO on the zeolite to form intermediates of acetyl 
groups (1650 cm-1). However, the formation of CO2 by-product was also promoted 
because of the emergence of broad peaks (2349 cm-1) at a higher reaction temperature of 
240 oC. It seems that the DME carbonylation over HEU-12 zeolite obeys the 
mechanism of methoxyl groups on Brønsted acidic sites interacting with the activated 
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CO group by Lewis acidic sites to generate the intermediate of acetyl groups. Based on 
the mechanism analysis, a possible reaction network for DME carbonylation to MA on 
HEU-12 was proposed, as shown in Scheme 1.2. 
For DME carbonylation, the derived hydrocarbons from the decomposition of 
reaction intermediates can inevitably deposit in the zeolite pores and channels, which 
therefore block the 8-MR channels and cover the active sites. As a result, the diffusion 
of the reactants and products is limited severely, thus leading to the catalyst deactivation. 
To investigate the catalytic deactivation mechanism of HEU-12 zeolite in DME 
carbonylation, the amount and location of the deposited coke in the spent HEU-12 
zeolite after reaction for 50 h were further characterized, as given in Figure 1.10a. The 
coke content in the spent HEU-12 zeolite was detected using TG analysis. The mass loss 
of the spent zeolite corresponding to coke combustion was illustrated in Figure 1.10b. 
The TG curve of the spent HEU-12 zeolite can be divided into three major stages 
according to varied temperatures. The weight loss from 200 to 800 oC was used to 
obtain the total amount of the formed coke on the spent zeolite. The weight loss at low 
temperature (200-600 oC) was mainly ascribed to the combustion of the soft coke, i.e., 
surface-bond methyl and acetyls groups associated with the formation of MA. In 
addition, the weight loss between 600 and 800 oC corresponded to the oxidation 
combustion of heavy coke, which might be assigned to large hydrocarbons [29]. 
Possibly, the deactivation behaviour was determined by the quantity of the hard coke in 
the channels of zeolite instead of that of the soft coke on the external surface. The 
distribution and the amounts of the formed coke on the spent HEU-12 zeolite were 
determined by N2 adsorption measurements (Table 1.1). For the spent HEU-12 zeolite, 
there was no clear decrease in its micropore volume, and only a slight reduction for its 
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surface area was observed. The calculation methods of internal and external coke 
content were similar to the literatures [30-32]. Based on the analysis results of the TG 
and BET, we found that the deposited coke was formed mainly on the external surface 
of zeolite during the carbonylation reaction. The internal zeolite pores and channels 
were not affected at all. The coke deposition mechanism on this HEU-12 zeolite is 
completely different with the known other zeolite catalysts. The coke formation on the 
zeolites such as MOR and ZSM-35 in carbonylation reaction happened usually inside 
the zeolite pores and channels, resulting in their quick deactivation. Therefore, the 
specific coke formation mechanism of HEU-12 was favorable to its excellent stability. 
To investigate the potential commercial application of EU-12, the spent catalyst 
after 50 h reaction was regenerated. XRD patterns indicated that the crystallinity of 
regenerated HEU-12 catalyst was retained well. The NH3-TPD analysis of the 
regenerated HEU-12 catalyst revealed that the total acid amount can be recovered to a 
comparative level as that of fresh zeolite (Figure 1.11). It can be observed that the 
catalytic activity of spent HEU-12 could be recovered after regeneration. The MA 
selectivity of regenerated HEU-12 catalyst was almost the same as that of fresh HEU-12 
zeolite (Figure 1.12). Furthermore, based on the proposed reaction mechanism, the 
catalytic activity and MA selectivity over HEU-12 could be improved facilely by 
decreasing the diffusion path or tuning the amount of Brønsted and Lewis acid sites 
with metals [33-35]. A Cu/EU-12 (Cu: 0.8 wt%, measured by XRF) sample prepared by 
the ion-exchange method exhibited improved DME conversion and MA selectivity 
(Figure 1.13). 
 
1.4. Conclusions 
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In summary, we discovered a brand new zeolite EU-12 that possesses excellent 
ability for carbonylation reaction, which has never been reported before. EU-12 
demonstrated excellent catalytic stability and selectivity for DME carbonylation to form 
MA. The conversion of DME slightly decreased from 15.7% at 2 h to 10.0% at 30 h and 
then became stable at 220 oC. Moreover, the selectivity of MA was kept above 90% 
during the total reaction process. The discovered EU-12 zeolite for DME carbonylation 
reaction is very promising and can also be extended to other carbonylation reactions to 
broaden the application of heterogeneous solid catalysts for the green synthesis of 
organic chemicals. This finding will also inspire the development of other new zeolite 
candidates for more efficient carbonylation reaction.
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Scheme 1.1 Illustration for DME carbonylation over EU-12 zeolite to produce MA. 
  
MA
Sel. ＞90%
DME
EU-12
  
Chapter 1 
20 
 
Scheme 1.2 Reaction scheme of DME carbonylation to MA over HEU-12 zeolite. 
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Table 1.1 Structural features and textural properties of HEU-12 and spent HEU-12 zeolite. 
Sample Si/Al 
SBET
 
(m2/g) 
Sext
 
(m2/g) 
Vtotal 
(cm3/g) 
Vmicro
 
(cm3/g) 
Weak acidic 
sites a  
(mmol g-1) 
Strong acidic 
sites a 
(mmol g-1) 
Channel type b 
Channel size b 
(Å) 
HEU-12 8.3 330.2 80.9 0.588 0.494 0.85 0.55 
3-D: 8-MR with 
side pockets 
2.7×5.0 
3.3×4.8 
2.8×4.6 
Spent HEU-12 — 309.5 64.4 0.579 0.486 — — — — 
a Estimation by NH3-TPD curve: weak and strong acidic sites are in the range of 100-400 
oC and 400-650 oC, respectively. 
b Structural data obtained from the International Zeolite Association, see: http://www.iza-structure.org/databases/. 
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Figure 1.1 (a) The XRD patterns of EU-12 zeolite; (b) TG/DTA curves of the fresh 
EU-12 sample without calcination; (c) the NH3-TPD profile of EU-12 zeolite; (d) the 
nitrogen adsorption-desorption isotherm of EU-12 zeolite; (e) the SME image of EU-12 
zeolite 
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Figure 1.2 (a) 29 Si MAS NMR and (b) 27 Al MAS NMR spectra of HEU-12 zeolite. 
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Figure 1.3 (a) The conversion of DME at 240 oC, 230 oC and 220 oC on HEU-12 zeolite; 
(b) the product selectivity at 220 oC; (c) 230 oC and (d) 240 oC. Reaction conditions: 
P=1.5 MPa, feed gas: 3.03%Ar/4.13%DME/92.84% CO, flow rate =20 mL/min, weight 
(zeolite) =0.5 g, MeOH: methanol. 
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Figure 1.4 The TG curves of the spent HEU-12 zeolite after reaction at 220 oC (blue 
line), 230 oC (read line) and 240 oC (black line). 
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Figure 1.5 The catalytic performance of DME carbonylation on HEU-12 zeolite at 220 
oC and 1.5 MPa for 50 h. 
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Figure 1.6 DME carbonylation performance over HMOR and HZSM-35 zeolites; 
Reaction condition: T=220 oC, P=1.5 MPa, feed gas: 3.03% Ar/4.13% DME/92.84% 
CO; flow rate =20 mL/min, Weight (zeolite) = 0.5 g, MeOH= methanol. 
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Figure 1.7 DME carbonylation performance over HZSM-5, HY, and H-Beta zeolite; 
Reaction condition: T=220 oC, P=1.5 MPa, feed gas: 3.03% Ar/4.13% DME/92.84% 
CO; flow rate =20 mL/min, Weight (zeolite) = 0.5 g, MeOH= methanol. 
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Figure 1.8 In situ DRIFT spectra in O-H and C-H regions of DME adsorption over 
HEU-12 for (a) 5 min and (b) 10 min at 220 oC (A: O-H region, B: C-H region); (C): In 
situ DRIFT spectrum over HEU-12 zeolite with adsorbed CO at 220 oC.  
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Figure 1.9 In situ DRIFT spectra over HEU-12 zeolite after exposure to DME/CO/Ar 
for (a) 2 min, (b) 5 min and (c) 10 min at 220 oC (A) and at 240 oC (B).  
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Figure 1.10 The species and distribution of the deposited coke in spent HEU-12 zeolite. 
Total coke weight was determined by TG analysis assuming that the weight loss above 
200 oC of the spent HEU-12 zeolite is entirely due to coke combustion.  
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Figure 1.11 (a) XRD and (b) NH3-TPD curves of fresh and regenerated HEU-12 
zeolite. 
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Figure 1.12 DME carbonylation performance over regenerated HEU-12. Reaction 
conditions: T=200 oC, P=1.5 MPa, feed gas: 3.03%Ar/4.13% DME/92.84% CO; flow 
rate= 20 mL/min, weight (zeolite) =0.5 g, MeOH= methanol. 
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Figure 1.13 The catalytic performance of DME carbonylation on Cu/EU-12 zeolite at 
220 oC and 1.5 MPa. Reaction condition: feed gas: 3.03%/4.13%DME/92.84%CO; flow 
rate= 20 mL/min, weight (zeolite) =0.5 g, MeOH= methanol. 
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Chapter 2 
Designing a Novel Dual Bed Reactor to Realize Efficient Ethanol 
Synthesis from Dimethyl Ether and Syngas 
 
A novel dual bed reactor was designed to realize highly efficient ethanol synthesis 
from dimethyl ether and syngas. 
  
Chapter 2 
36 
 
Abstract 
A novel dual bed reactor packed with the combination of zeolite (H-Modernite or 
H-Ferrierite) catalyst and CuZnAl catalyst was proposed to realize the direct ethanol 
(EtOH) synthesis from dimethyl ether (DME) and syngas (CO+H2). DME and CO were 
firstly introduced into the upper zeolite bed to conduct the carbonylation reaction, and 
then H2 was directly imported into the below CuZnAl catalyst bed to accomplish the 
hydrogenation of methyl acetate (MA) produced at the first catalyst bed. In this novel 
dual bed process, the DME and CO were introduced into the reactor from the top of the 
first catalyst bed layer, but H2 was introduced into the second catalyst bed layer directly 
through an inner stainless steel tube equipped with evenly distributed holes. Benefitting 
from the precise control of the distribution of the reactants on the surface of different 
catalysts, an enhanced catalytic performance was obtained compared with the 
conventional dual bed reactor which introduced DME and syngas into the reactor 
simultaneously. The excellent catalytic performance in this novel dual bed reactor was 
ascribed to the improved CO partial pressure in the upper zeolite catalyst bed. 
Compared with the conventional dual bed reactor, both DME conversion and EtOH 
yield were almost doubled in this novel dual bed reactor packed with the combination of 
H-Ferrierite and CuZnAl catalyst.  
Keywords: Ethanol synthesis, Syngas, DME, Novel dual-catalyst bed, Zeolite, CuZnAl  
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2.1. Introduction 
Ethanol (EtOH), a basic chemical product, has been widely used as solvent, 
industrial intermediate and promising fuel additive. For industrial EtOH production, 
sugar fermentation and ethylene hydration are major synthesis routes [1-3]. However, 
sugar fermentation may aggravate the food crisis and face the problem of high cost due 
to the high energy demand to isolate the products. And the ethylene hydration strategy 
also is constrained with the diminishing of crude oil, as ethylene is mostly produced by 
the cracking of petroleum derivatives. Therefore, it is necessary to develop new EtOH 
synthesis routes from non-edible biomass or other fossil resources [4-7]. At present, 
some potential routes for EtOH synthesis have been widely investigated, such as the 
direct synthesis of EtOH from syngas (CO + H2) over Rh-based catalysts, production 
of EtOH from syngas with dimethyl oxalate (DMO) as the intermediate using 
Cu-based catalysts, and methanol (MeOH) homologation process with the combination 
of transition-metal catalysts and iodine compounds as promoters [1,3,6,8-10]. But the 
commercial applications of the above mentioned strategies are hampered by the usage 
of noble metal catalysts, tedious process, and lower selectivity of EtOH. 
Recently, Iglesia and co-workers reported that H-Modernite (MOR) and 
H-Ferrierite (FER) zeolites are selective catalysts for dimethyl ether (DME) 
carbonylation at low temperature from 423 to 463 K, which provide a promising 
non-haldide and noble metal-free route to produce methyl acetate (MA) [11-13]. A 
common feature of MOR and FER is the existence of 8-member ring channels, where 
the DME carbonylation reaction mainly occurs [14-23]. Considering that the DME 
carbonylation to MA and ester hydrogenation to alcohols occurred at a similar 
temperature, a novel process for direct synthesis of EtOH from DME and syngas using 
a dual-bed reactor has been proposed by our group [24-29]. Briefly, the DME was 
firstly converted to MA through carbonylation on a solid acid zeolite catalyst such as 
MOR or FER in the first stage of the reactor, and then the formed MA was 
hydrogenated to EtOH on a Cu-based catalyst in the second stage of the reactor. These 
two reactions at different stages can be described as follows: 
CO + CH3OCH3  CH3COOCH3                       (1) 
CH3COOCH3 + 2H2  CH3CH2OH + CH3OH             (2) 
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The main byproduct of this process is MeOH, which can be recycled to synthesize DME 
over other solid acid catalysts through catalytic dehydration [30]. 
     In the conventional dual bed system (Scheme 1a), the DME and syngas are 
introduced into the reactor simultaneously. Nevertheless, it’s no doubt that the 
carbonylation of DME with CO will be suppressed due to the lower accessibility of 
DME and CO caused by the co-feed of H2 [26,29]. Wang et al. also found that the 
presence of H2 in the first stage of the reactor decreased DME conversion and MA 
selectivity by suppressing the CO reaction with the intermediate methyl [22]. As the 
DME conversion rate is proportional to the partial pressure of CO [11], improving the 
partial pressure of CO in the first stage will be helpful to increase the conversion of 
DME and facilitate the EtOH formation in the second stage of the reactor. 
Herein, a novel dual bed reactor is designed and employed for the highly efficient 
synthesis of EtOH from DME, CO and H2 in a one-pot process. As shown in Scheme 
2,1b, the DME and CO are routinely introduced to the upper zeolite (MOR or FER) bed 
to drive the carbonylation reaction, and the H2 is directly introduced into the second 
CuZnAl catalyst bed through an inner stainless steel tube equipped with evenly 
distributed holes. As a result, the CO partial pressure at the upper zeolite layer of this 
novel dual bed reactor was improved nearly 100% than that of the conventional dual 
bed reactor. Surprisingly, due to this smart strategy, the DME conversion and EtOH 
yield were significantly enhanced compared with the conventional dual bed reactor. 
 
2. 2. Experimental 
2.2.1 Catalyst Preparation 
H-type MOR zeolite (SiO2/Al2O3 =13) and H-type FER zeolite (SiO2/Al2O3 = 13) 
were purchased from Tosoh Corporation for DME carbonylation. Prior to the reaction, 
the zeolite sample was calcined in air at 823 K for 3 h, and then granulated into the size 
of 20–40 mesh. 
The CuZnAl (molar ratio of Cu/Zn/Al = 1:1:0.1) catalyst was prepared by a 
homogeneous precipitation method as our previous work [29]. Briefly, aqueous solution 
of Cu(NO3)2·3H2O, Zn(NO3)2·6H2O and Al(NO3)3·9H2O were added to the aqueous 
solution of urea with constant stirring. The mixing solution was heated to 363 K and 
maintained at this temperature for 2 h until the mixture were completely precipitated. 
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The obtained slurry was aged overnight at ambient temperature, and then filtrated and 
washed with deionized water. After drying at 393 K and calcination in air at 623 K for 2 
h, the sample was also granulated into the size of 20–40 mesh.  
The obtained zeolite catalyst and CuZnAl catalyst were respectively loaded as the 
top and bottom catalysts layer in one reactor, as shown in Scheme 1. Prior to reaction, 
the CuZnAl catalyst was reduced in situ in a pure hydrogen flow at 573 K for 10 h. 
 
2.2.2 Catalyst characterization 
The textural property of the catalyst was determined by N2 physisorption 
instrument (Quantachrome Nova 2200e). The crystalline phase of the catalyst was 
measured by a Rigaku UltimaIV X-ray diffractometer with a Cu Kα radiation (λ= 0.154 
nm) at 40 kV and 30 mA. The surface morphology of catalyst was observed using a 
JEOL JSM-6360LV scanning electron microscope (SEM). The elemental composition 
of the catalyst was measured by a JED-2300 energy dispersive spectrometer (EDS) 
equipped on SEM apparatus. 
 
2.2.3 Catalytic performance test 
The EtOH synthesis reaction was carried out in a novel dual bed stainless steel 
reactor (9.5 mm OD) as shown in Scheme 2.1b. Typically, 0.5 g MOR or FER zeolite 
catalyst was loaded at the first stage of the reactor, and another 0.5 g CuZnAl catalyst 
was loaded at the second stage of the reactor. For the separation of these two catalysts, 
the quartz wool was loaded between them. A gas mixture of Ar/DME/CO (molar ratio of 
3/4/93 with a flow rate of 20 mL/min) was firstly introduced into the reactor from the 
inlet of the reactor, and the pure H2 (flow rate of 20 mL/min) was directly introduced 
into the second stage of the dual bed reactor through an inner stainless steel tube 
equipped with evenly distributed holes (0.5 mm in diameter). Prior to the EtOH 
synthesis reaction, the catalysts were reduced in situ in a pure hydrogen flow at 573 K 
and atmospheric pressure for 10 h. The reaction was initiated after the reactor 
temperature cooled down to 493 K and the pressure increased to 1.5 MPa. 
As reference, the EtOH synthesis reaction was also studied in a conventional dual 
bed reactor, as shown in Scheme 2.1a. The reaction pressure and temperature were the 
same to those of the novel dual bed reactor; however, the reactant gases Ar/DME/CO 
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and H2 were simultaneously introduced into the reactor from the inlet of the reactor. 
Comparatively, the EtOH synthesis reaction was also performed in the novel dual bed 
reactor with H2 introduced into the different locations of this novel reactor, such as into 
inlet, zeolite bed, quartz wool, CuZnAl catalyst bed, or outlet layer of the reactor. The 
DME conversion was calculated after the reaction reached stable state (at TOS = 10 h), 
and the product selectivities were collected and calculated by the data from 8 to 10 h. 
In order to compare the catalytic performance of these two zeolite catalysts (MOR 
and FER) in the DME carbonylation reaction, the single DME carbonylation reaction 
was also performed in these two types of reactors with only zeolite catalyst. 
To study the effect of H2 on the carbonylation reaction, the DME carbonylation 
was carried out over FER catalyst in the conventional dual bed reactor with different H2 
compositions. The gas mixture of Ar/DME/CO (molar ratio of 3/4/93) was kept in a 
flow rate of 20 mL/min, while the H2 flow rate was systematically increased from 0, 5, 
10, 15 to 20 mL/min. 
 To further clarify the relationship of DME conversion with the reaction pressure, 
the DME carbonylation was evaluated with the feeding stream of Ar/DME/CO (molar 
ratio of 3/4/93) over the FER catalyst under different reaction pressures. 
After reaction, the released effluent gases passed through an ice trap firstly, and 
then were analyzed by an online gas chromatographs (GC). The CO, CO2, CH4 and Ar 
(Ar was employed as the internal standard) were analyzed by a Shimadzu GC-8A with a 
thermal conductivity detector (TCD) and an activated carbon column; DME was 
analyzed by the TCD with another Porapak Q column. The liquid products MA, MeOH, 
EtOH and ethyl acetate (EA) collected by the ice trap with 1-butanol as solvent were 
analyzed by another Shimadzu GC-8A with a flame-ionization detector (FID) and a 
connected dual column packed by Gaskuropack 54 and Porapak N packing materials. 
Before analysis, 1-propanol was added into the liquid products as the internal standard. 
The DME conversion (XDME) was calculated by internal standard method, and the 
selectivity values of the products (Si) were calculated in molecular selectivity. 
 
2.3. Results and discussion 
2.3.1 Catalyst characterization 
The XRD patterns of the MOR zeolite, FER zeolite and CuZnAl catalyst are 
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presented in Figure. 2.1. Both MOR and FER zeolites exhibit typical diffraction peaks 
of their unique crystal structures [19,20,23,29]. For the CuZnAl catalyst, the diffraction 
peaks appearing at 2θ = 31.8o, 34.4o, 36.3o, 47.5o, 56.6o, 62.9o and 68.0o are assigned to 
ZnO, and the diffraction peaks appearing at 2θ = 35.5o and 38.7o are assigned to CuO 
[27,29]. On the basis of the Scherrer formula, the average crystallite size of the CuO 
particles over CuZnAl catalyst is about 15.7 nm. The BET specific surface area, pore 
volume and average pore diameter of the catalysts were measured by N2 physisorption 
and summarized in Table 2.l. The MOR catalyst shows larger specific surface area than 
that of FER, however, the pore volume and average pore diameter are almost same. The 
CuZnAl catalyst possesses a specific surface area of 47 m2 g−1. 
N2 adsorption-desorption isotherms and relevant pore size distribution results of 
catalysts are depicted in Figure 2.2. Both MOR and FER showed a combination of type 
I and IV isotherms with hysteresis loops (from 0.1 to 0.9 P/P0 in Figure 2.2(a), from 0.2 
to 0.9 P/P0 in Figure 2.2b, indicating the existence of both micro- and mesopores. As 
reported, the DME carbonylation reaction mainly occurs within the micropores 
[12].Those mesopores existed among MOR and FER are favorable for the reactants and 
products transportation. In Figure 2.2c, a typical mesopore structure was detected on 
CuZnAl catalyst, which showed a type IV isotherm with hysteresis loop beginning at a 
P/P0 value of 0.8. The micropores size distribution of MOR and FER are shown in 
Figure 2.2a (inset) and Figure 2.2b (inset), respectively. Two micropores at around 0.53 
nm and 0.57 nm were detected over MOR zeolite, while only one micropore at around 
0.54 nm was observed over FER zeolite. For CuZnAl (Figure 2c), the pore size mainly 
distributed around 22 nm. 
Figure 2.3 displays SEM images and EDS results of MOR and FER catalyst. Both 
MOR (Figure 2.3a) and FER (Figure 2.3c) exhibit a traditional block-like morphology. 
They comprised the aggregation of nanoparticles, where mesopores were formed 
between these adjacent nanoparticles. It is in accordance with the N2-adsorption results 
of hysteresis loops detected on MOR and FER catalyst. EDS (Figure 2.3b and d) was 
used to quantify the element composition of catalysts. Both MOR and FER show the 
SiO2/Al2O3 molar ratio of 13 (Table 2.1). 
 
2.3.2 DME carbonylation in different reactors over pure MOR or FER catalyst 
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At first, the catalytic performance of the MOR catalyst for the DME carbonylation 
reaction was studied in the conventional dual bed reactor and the novel dual bed reactor, 
respectively. The reaction results are shown in Figure 2.4 and Table 2.2. In these cases, 
the CuZnAl catalyst was not loaded into the reactor. The DME conversion over MOR 
catalyst in the novel dual bed reactor was nearly doubled if compared to that of the 
conventional dual bed reactor, while keeping the same MA selectivity. However, MOR 
catalyst exhibits poor stability during the reaction, the DME conversion decreased 
slightly after 2.5 h time on stream. This is probably due to the high acid density of 
12-member ring channel in MOR, which will lead to catalyst deactivation by coke 
deposition [14–16]. In contrast, FER zeolite consists of a one-dimensional channel of 
8-member ring and a perpendicularly intersected one-dimensional channel of 
10-member ring, which can reduce the hydrocarbon depositions by restricting the 
diffusion of reactants due to the steric hindrance effects of 10-member ring channels [17, 
18]. Thus, FER zeolite was then employed as the DME carbonylation catalyst in both 
types of reactors. In Figure 2.4b, the DME conversion over the FER in the novel dual 
bed reactor was also about doubled, over that in the conventional dual bed reactor. The 
MA selectivities in these two reactors were both higher than 94% (see Table 2.2). After 
4 h time on stream, the DME conversion was increased. In comparison with MOR, the 
FER catalyst exhibited superior stability for the DME carbonylation reaction. 
Both MOR and FER catalysts realized significantly enhanced catalytic activity in 
the novel dual bed reactor, compared with those in the conventional dual bed reactor. 
This result could be attributed to the higher CO partial pressure in the reactor without 
co-feed of H2 [22]. In conventional dual bed reactor, the 20 mL/min Ar/DME/CO 
(Ar/DME/CO in a molar ratio of 3/4/93) was mixed with another 20 mL/min pure H2 in 
the inlet of the reactor. For the reason that the total pressure was 1.5 MPa, the CO 
partial pressure in the zeolite layer was only 0.7 MPa. However, in the novel reactor, the 
H2 was directly introduced into the second CuZnAl stage of the reactor, below the 
zeolite layer in the first stage. The CO partial pressure in the zeolite layer should be as 
high as 1.4 MPa in theory, where the H2 gas could not enter the zeolite layer. To verify 
the influence of the accompanying H2 gas on the DME carbonylation, the DME 
carbonylation reaction with different H2 contents in the raw materials was studied as 
follows. 
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2.3.3 Effect of H2 presence on DME carbonylation reaction 
In the conventional dual bed reactor, H2 firstly passed through the upper zeolite 
layer, and then entered into the following Cu-based catalyst layer for EtOH synthesis. It 
is necessary to investigate the effect of H2 on DME carbonylation at the upper layer. In 
this part, the DME carbonylation with different H2 flow rates was carried out over FER 
catalyst in the conventional dual bed reactor, and the reaction results are shown in 
Figure 2.5. The flow rate of the mixture gas Ar/DME/CO (3/4/93) was kept at 20 
mL/min for all experiments while the H2 flow rate was gradually increased. When the 
H2 flow rate increased from 0 to 20 mL/min, the DME conversion gradually decreased 
from 40% to 20%, which should be caused by the decrease of the CO partial pressure in 
the zeolite layer [26, 29]. It is noteworthy that the DME conversion obtained from the 
conventional dual bed reactor without H2 was about 40%, similar to that of the novel 
dual bed with H2 flow rate of 20 mL/min in the feed gas, as shown in Figure 2.4b. It 
also indicates that the novel dual bed reactor with single zeolite catalyst layer could be 
assumed as a plug flow model reactor, without H2 back-mixing. In addition, the effects 
of possible H2 adsorption on the active zeolite acid sites to the simultaneous adsorption 
of DME on the same active sites could be erased in the novel dual bed reactor. 
 
2.3.4 Effect of reaction pressure on DME carbonylation reaction 
In order to confirm the relationship between DME conversion and reaction 
pressure, the DME carbonylation reaction using single FER catalyst was investigated in 
the conventional dual bed reactor under different pressures. As shows in Figure 2.6, the 
DME conversion is almost proportional to reaction pressure (0.5–2.0 MPa). The DME 
conversions are 18 and 43% at reaction pressure of 0.75 and 1.5 MPa, respectively. This 
result shows that the differences of DME conversion in the conventional and novel dual 
bed reactor were caused by the different CO partial pressure. Iglesia and co-workers 
found that the rate of MA synthesis did not depend on DME pressure, however, was 
proportional to CO pressure [11]. Therefore, the kinetically relevant steps involve 
reactions of gas-phase or adsorbed CO with DME-derived intermediates [11]. This 
result indicates that increasing CO partial pressure in the zeolite bed layer will be 
beneficial for DME conversion. 
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2.3.5 EtOH synthesis with the combination of FER and CuZnAl catalyst 
Figure 2.7 shows the comparison results of the DME conversions and product 
selectivities over the combination of FER and CuZnAl catalyst in the conventional dual 
bed reactor and the novel dual bed reactor. The DME conversions (Figure 2.7a) at 15 h 
were 23% in the conventional and 42% in the novel dual bed reactor, respectively. This 
could be explained by the different CO partial pressures in the first stage of these two 
reactors. Similar product selectivity values were obtained in these two types of reactors, 
and the results are presented in Figure 7b and c. The main products are EtOH and 
MeOH, which are formed by the MA hydrogenation over the CuZnAl catalyst. 
The EtOH yield was calculated with the DME conversion and EtOH selectivity. 
The EtOH yields at 15 h were 19% in the novel dual bed reactor and 10% in the 
conventional dual bed reactor. The EtOH yield in this novel dual bed reactor was almost 
twice as high as that from the conventional dual bed reactor. Compared with previous 
works using the conventional dual bed reactor (Table 2.3), the highest EtOH yield (19%) 
was obtained in this work. This value is also competitive to the one obtained using a 
two-stage type reactor with the connected two reactors (Table 2.3). Furthermore, the 
combination of FER and CuZnAl catalyst exhibits a good stability in the EtOH 
synthesis reaction. Our new catalyst here was stable for about 30 h time on stream, 
whereas the catalysts in previous reports deactivated rapidly within 4 h [27-29]. 
 
2.3.6 EtOH synthesis in novel dual bed reactor with different introduced locations of H2 
To study the effect of H2 introduced locations on the EtOH synthesis reaction, this 
reaction was carried out over FER and CuZnAl catalysts in the novel dual bed reactor. 
H2 was introduced into the reactor from the inlet, FER bed, quartz wool, CuZnAl 
catalyst bed, or outlet layer stage of the reactor respectively. With the H2 introduced 
location shifting from the inlet to the CuZnAl catalyst bed of the reactor stepwise, the 
DME conversion increases from about 23% to 41% (Figure 2.8). Except being located 
at outlet layer, the selectivities of MeOH and EtOH are almost the same as in Table 2.4. 
The EtOH yield increases in this novel dual bed reactor, which can be ascribed to the 
high efficiency in the DME carbonylation process. However, when the H2 was 
introduced directly into the outlet of the reactor, the main product was MA. Thereby, it 
is obvious that the CuZnAl catalyst plays the key role for converting MA to EtOH in the 
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second stage. 
It is noteworthy that the DME conversion in the case of H2 gas being introduced at 
the quartz wool layer location is not twice as high as that at the inlet layer, and also not 
the same to that at the CuZnAl catalyst layer. This result indicates that the back-mixing 
of H2 existed to some extent in this system, which may be caused by the quartz wool 
layer. However, when the H2 introduced location shifted to CuZnAl catalyst layer, the 
back-mixing of H2 was sufficiently suppressed, ensuring the excellent catalytic 
performance of this novel dual bed reactor. 
 
2.4. Conclusions 
In this study, a novel dual bed reactor was successfully designed and employed as 
the catalytic reactor for EtOH synthesis via the sequential reactions of DME 
carbonylation and MA hydrogenation. Both MOR and FER zeolite catalysts showed 
high catalytic activity on DME carbonylation reaction. The DME conversion in this 
novel dual bed reactor was nearly doubled if compared with that in the conventional 
dual bed reactor. Moreover, the FER catalyst exhibited similar catalytic activity, but 
better stability than MOR catalyst in the DME carbonylation reaction. The effect of 
reaction pressure to the DME carbonylation using single FER catalyst was investigated 
in detail. The DME conversion was almost proportional to the reaction pressure. No 
back-mixing of H2 was found, thus the partial pressure of CO in the upper zeolite bed of 
the novel dual bed reactor was around double higher than that of the conventional dual 
bed reactor. The DME conversion and EtOH yield were also doubled consequently. To 
the best of our knowledge, for the first time, this design concept of novel dual bed 
reactor was employed in EtOH synthesis from DME, CO, and H2. Moreover, the 
optimal parameters for EtOH synthesis in this novel reactor were obtained. This smart 
design strategy can be also extended to other multistage sequential reactions. 
  
  
Chapter 2 
46 
 
References 
[1] J. Gong, H. Yue, Y. Zhao, S. Zhao, L. Zhao, J. Lv, S. Wang, X. Ma, J. Am. 
Chem. Soc., 2012, 134, 13922–13925. 
[2] H.T. Luk, C. Mondelli, D.C. Ferré, J.A. Stewart, J. Pérez-Ramírez, Chem. Soc. 
Rev., 2017, 46, 1358–1426. 
[3] Y. Zhu, X. Kong, X. Li, G. Ding, Y. Zhu, Y.W. Li, ACS Catal., 2014, 4, 3612–
3620. 
[4] Y. Sun, J. Cheng, Bioresour. Technol., 2002, 83, 1–11. 
[5] D. Pimentel, T.W. Patzek, Nat. Resources Res., 2005, 14, 65–76. 
[6] P. Ai, M. Tan, N. Yamane, G. Liu, R. Fan, G. Yang, Y. Yoneyama, R. Yang, N. 
Tsubaki, Chem.-Eur. J., 2017, 23, 8252–8261. 
[7] P. Ai, M. Tan, Y. Ishikuro, Y. Hosoi, G. Yang, Y. Yoneyama, N. Tsubaki, 
ChemCatChem, 2017, 9, 1067–1075. 
[8] Y. Choi, P. Liu, J. Am. Chem. Soc., 2009, 131, 13054–13061. 
[9] R. Zhang, M. Peng, B. Wang, Catal. Sci. Technol., 2017, 7, 1073–1085. 
[10] M.J. Chen, H.M. Feder, J.W. Rathke, J. Am. Chem. Soc., 1982, 104, 7346–
7347. 
[11] P. Cheung, A. Bhan, G.J. Sunley, E. Iglesia, Angew. Chem. Int. Ed., 2006, 45, 
1617–1620. 
[12] A. Bhan, A.D. Allian, G.J. Sunley, D.J. Law, E. Iglesia, J. Am. Chem. Soc., 
2007, 129, 4919–4924. 
[13] P. Cheung, A. Bhan, G.J. Sunley, D.J. Law, E. Iglesia, J. Catal., 2007, 245, 
110–123. 
[14] T. He, X. Liu, S. Xu, X. Han, X. Pan, G. Hou, X. Bao, J. Phys. Chem. C, 2016, 
120, 22526–22531. 
[15] J. Liu, H. Xue, X. Huang, P. Wu, J. Huang, S. Liu, W. Shen, Chin. J. Catal., 
2010, 31, 729–738. 
[16] D.B. Rasmussen, J.M. Christensen, B. Temel, F. Studt, P.G. Moses, J. 
Rossmeisl, A. Riisager, A.D. Jensen, Angew. Chem. Int. Ed., 2015, 54, 7261–
7264. 
[17] X. Li, X. Liu, S. Liu, S. Xie, X. Zhu, F. Chen, L. Xu, RSC Adv., 2013, 3, 
16549–16557. 
  
Chapter 2 
47 
 
[18] S.Y. Park, C. Shin, J.W. Bae, Catal. Commun., 2016, 75, 28–31. 
[19] Y. Liu, N. Zhao, H. Xian, Q. Cheng, Y. Tan, N. Tsubaki, X. Li, ACS Appl. 
Mater. Interfaces, 2015, 7, 8398–8403. 
[20] S. Wang, W. Guo, L. Zhu, H. Wang, K. Qiu, K. Cen, J. Phys. Chem. C, 2015, 
119, 524–533. 
[21] C. Cheng, H. Zhang, W. Ying, D. Fang, Korean J. Chem. Eng., 2011, 28, 
1511–1517. 
[22] S. Wang, S. Yin, W. Guo, Y. Liu, L. Zhu, X. Wang, New J. Chem., 2016, 40, 
6460–6466. 
[23] J. Liu, H. Xue, X. Huang, Y. Li, W. Shen, Catal. Lett., 2010, 139, 33–37. 
[24] X. Li, X. San, Y. Zhang, T. Ichii, M. Meng, Y. Tan, N. Tsubaki, 
ChemSusChem, 2010, 3, 1192–1199. 
[25] Y. Zhang, X. San, N. Tsubaki, Y. Tan, J. Chen, Ind. Eng. Chem. Res., 2010, 49, 
5485–5488. 
[26] G. Yang, X. San, N. Jiang, Y. Tanaka, X. Li, Q. Jin, K. Tao, F. Meng, N. 
Tsubaki, Catal. Today, 2011, 164, 425–428. 
[27] D. Wang, G. Yang, Q. Ma, Y. Yoneyama, Y. Tan, Y. Han, N. Tsubaki, Fuel, 
2013, 109, 54–60. 
[28] P. Lu, G. Yang, Y. Tanaka, N. Tsubaki, Catal. Today, 2014, 232, 22–26. 
[29] Q. Wei, G. Yang, X. Gao, L. Tan, P. Ai, P. Zhang, P. Lu, Y. Yoneyama, N. 
Tsubaki, Chem. Eng. J., 2017, 316, 832–841. 
[30] F. Yaripour, F. Baghaei, I. Schmidt, J. Perregaard, Catal. Commun., 2005, 6, 
147–152. 
 
  
Chapter 2 
48 
 
Scheme 2.1 Illustration of the (a) conventional dual bed reactor and (b) novel dual bed 
reactor, and the varied importing ways of feed gas: (a) DME/CO and H2 were 
introduced simultaneously from the reactor inlet; (b) DME/CO and H2 were respectively 
introduced to the top catalyst layer and the bottom catalyst layer in the reactor. 
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Table 2.1 The physical properties of different catalysts. 
Catalysts 
Specific surface 
areas (m2 g−1) 
Average pore 
diameter (nm) 
Pore Volumea 
(mL g−1) 
SiO2/Al2O3 
molar 
ratiob 
MOR 446 2.5 0.3 13 
FER 297 4.1 0.3 13 
CuZnAl 47 8.7 0.2 - 
a Characterized using the N2 adsorption method. 
b Calculated from EDS analysis. 
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Table 2.2 DME carbonylation in the conventional dual bed reactor and novel dual bed 
reactor over MOR or FER catalysts. 
Catalysts 
Selectivity (%) 
MA MeOH CH4 
MORa 95.63 3.71 0.66 
MORb 96.37 3.18 0.45 
FERa 94.71 4.68 0.61 
FERb 95.28 4.15 0.57 
a Conventional dual bed reactor; b Novel dual bed reactor. 
Reaction conditions: 493 K, 1.5 MPa, 0.5 g cat., Ar/DME/CO = 3/4/93 (20 mL/min), 
100% H2 (20 mL/min). 
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Table 2.3 Comparison with previous results in the one-step EtOH synthesis. 
 
  
Catalysts Gas composition Reactor type 
Time on 
stream (h) 
DME 
Conversion 
EtOH 
Selectivity 
EtOH 
Yield 
Reference 
HMOR-Cu/SBA-15a 
 
N2/DME/CO/H2 = 
6.25/1.56/29.69/62.50 
Two-stage 6 72.1% 37.8% 27.3% [22] 
MOR-Cu/ZnOb Ar/DME/CO/H2 = 
1.42/2.83/45.75/50 
Conventional 
dual bed 
2 49.7% 37% 18.4% [27] 
Pt/MOR-Cu/ZnOb Ar/DME/CO/H2 = 
1.55/2.35/46.1/50 
Conventional 
dual bed 
2 35.2% 32.6% 11.5% [28] 
Cu-HZSM-35-Cu/Zn/Alb 
Ar/DME/CO/H2 = 
1.51/2/46.49/50 
Conventional 
dual bed 4 27.1% 46.7% 12.7% [29] 
FER-CuZnAlb 
Ar/DME/CO/H2 = 
1.5/2/46.5/50 
Novel dual 
bed 30 42% 45% 19% 
Present 
work 
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Table 2.4 EtOH synthesis in the novel dual bed reactor with different H2 imported 
locations over the combination of FER and CuZnAl catalysts. 
H2 imported 
locations 
Selectivity (%) 
MeOH EtOH MA EA CO2 CH4 
Inlet 47.81 47.12 2.13 0.74 1.71 0.49 
FER 48.24 46.27 2.28 0.72 1.86 0.63 
Quartz wool 46.32 45.74 3.65 1.61 2.12 0.56 
CuZnAl 46.41 45.05 3.94 1.85 2.14 0.61 
Outlet 7.02 2.31 90.02 0 0.08 0.57 
Reaction conditions: 493 K, 1.5 MPa, 0.5 g FER, 0.5 g CuZnAl, Ar/DME/CO = 3/4/93 
(20 mL/min), 100% H2 (20 mL/min). 
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. Figure 2.1 The XRD patterns of the MOR, FER and CuZnAl catalyst 
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Figure 2.2 N2 adsorption isotherms and pore size distribution curves (inset) of catalysts: 
MOR (a), FER (b), and CuZnAl (c). 
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Figure 2.3 SEM images and EDS analyses of catalysts: MOR (a) and (b), FER (c) and 
(d). 
  
(a)          MOR (b)
(d)(c)          FER
Element    Atom(%)
O           69.05
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Figure 2.4 Catalytic performance tests of (a) MOR and (b) FER catalysts for DME 
carbonylation reaction in the conventional dual bed and novel dual bed reactor. Reaction 
conditions: 493 K, 1.5 MPa, 0.5 g MOR or FER, Ar/DME/CO = 3/4/93 (20 mL/min), 
100% H2 (20 mL/min).  
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Figure 2.5 Effect of H2 composition in feed gas on DME conversion over FER catalyst. 
Reaction conditions: 493 K, 1.5 MPa, 0.5g FER, Ar/DME/CO = 3/4/93 (20 mL/min), 
100% H2 (0, 5, 10, 15, 20 mL/min). 
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Figure 2.6 Effect of the reaction pressure on DME conversion over FER catalyst. 
Reaction conditions: 493 K, 0.5 g FER, Ar/DME/CO = 3/4/93 (20 mL/min), Reaction 
pressure (0.5, 1.0, 1.5, 2.0 MPa). 
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Figure 2.7 EtOH synthesis in the novel dual bed reactor and the conventional dual bed 
reactor over the combination of FER and CuZnAl catalyst. (a)DME conversions in two 
reactors; (b) Products selectivities in the novel dual bed reactor and (c) conventional 
dual bed reactor. Reaction conditions: 493 K, 1.5 MPa, 0.5 g FER, 0.5 g CuZnAl, 
Ar/DME/CO = 3/4/93 (20 mL/min), 100% H2 (20 mL/min). 
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Figure 2.8 EtOH synthesis in the novel dual bed reactor with different H2 imported 
locations over the combination of FER and CuZnAl catalyst. Reaction conditions: 493 
K, 1.5 MPa, 0.5 g FER, 0.5 g CuZnAl, Ar/DME/CO = 3/4/93 (20 mL/min), 100% H2 
(20 mL/min). 
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Chapter 3 
Probing the Promotional Roles of Cerium in Structure and 
Performance of Cu/SiO2 Catalysts for Ethanol Production 
Ce promoted Cu/SiO2 catalysts prepared by urea-assisted gelation approach 
exhibited excellent catalytic activity and stability for DMO hydrogenation to ethanol. 
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Abstract 
In this contribution, the efficient hydrogenation of dimethyl oxalate (DMO) to 
ethanol was achieved over a series of cerium promoted Cu/SiO2 (xCe-Cu/SiO2) 
catalysts prepared by urea-assisted gelation approach. As a promoter, Ce played a 
crucial role in improving the structure, property and catalytic performance of Cu/SiO2 
catalyst. The structure and chemical properties of synthesized catalysts were 
characterized by XRD, FT-IR, in situ XRD, TEM, STEM-EDX mapping, N2O titration, 
H2-TPR, H2-TPD, XPS, XAES, etc. The characterization results disclosed that addition 
of Ce promoter to Cu/SiO2 catalyst remarkably increased the Cu dispersion and retarded 
the sintering of small-sized Cu species. The strong interaction between Ce promoter and 
Cu species substantially changed the redox properties of xCe-Cu/SiO2 catalysts and 
made the Cu2+ species easy to be reduced. In addition, the activation ability of H2 
species was significantly improved in the xCe-Cu/SiO2 catalysts, as evidenced from 
H2-TPD studies. Among these synthesized catalysts, the 1Ce-Cu/SiO2 catalyst with 1.0 
wt% Ce loading exhibited the highest catalytic activity (100% DMO conversion), 
ethanol selectivity (91.8%) and stability. This enhancement of catalytic activity, ethanol 
selectivity and stability is very promising for the development of an alternative route for 
production of ethanol by hydrogenation of DMO from syngas. 
 
Keywords: Cu/SiO2, Ce Promoter, Hydrogenation, Ethanol, Dimethyl oxalate 
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3.1. Introduction 
Ethanol, one of the important chemical feedstock, is primarily used as intermediate 
to synthesis of fine chemicals, such as glycol ethers and ethyl propenoate [1,2]. In 
particular, ethanol can also be used as an additive or a potential substitute for gasoline 
to reduce air pollution [3]. Commercial ethanol is mainly produced from microbial 
fermentation of agricultural feedstock and petroleum-derived ethylene hydration [4]. 
Limited by the expensive biological process and increasingly depleted oil resource, it is 
necessary to develop new approach for ethanol production to complement the existing 
technologies [5]. Dimethyl oxalate (DMO) hydrogenation, as one of the promising 
application to C1 chemistry, has drawn increasing attention since the synthesis of DMO 
via syngas has been scaled up into commercial production as of 2010, making the 
production of ethanol a promising prospect [6,7]. Although considerable efforts have 
devoted in the study of DMO hydrogenation reaction, several aspects still need 
improvement from commercial application prospect, such as ethanol selectivity and 
catalytic stability. 
Currently, Cu-based catalysts are considered as the promising catalysts since the 
Cu sites are relatively inactive for C-C bonds hydrogenolysis but facilitate 
hydrogenation of C-O bonds [8]. Especially, the Cu catalysts supported by silica 
supports were extensively studied due to their high activity and stability for DMO 
hydrogenation to ethanol [9,10]. These studies have shown that high dispersion of Cu 
species was pivotal in determining catalytic activity and stability in DMO 
hydrogenation to ethanol. A large number of approaches for preparing highly dispersed 
Cu catalysts have been intensively explored, including incipient wetness impregnation 
[11], ammonia evaporation [12] and urea-assisted precipitation method [13]. In most 
cases, the formation of copper phyllosilicate phases can afford high Cu dispersion on 
catalyst. In addition, synergistic cooperation between Cu0 and Cu+ species is also vital 
in catalytic activity and stability of Cu catalysts for DMO hydrogenation and requires a 
suitable amount of these species with an optimal ratio [14–16]. However, during 
long-term catalytic reaction, the Cu nanoparticles tend to migration and aggregation, 
and the valence state distribution of surface Cu species changes [17,18]. These two 
factors are the main reason for poor catalytic activity and stability of Cu catalyst 
supported by silica support. 
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Among the wide range of identified means, the introduction of promoters was one 
of the most convenient and feasible method to improve the catalytic activity and 
stability of Cu/SiO2 catalyst. As a promoter, it should meet the following requirements: 
1) interact with neighbouring Cu component appropriately; 2) stabilize the number and 
distribution of surface Cu species. In previous studies, many promoters, such as Ni, 
boric oxide and lanthanum oxide, have been utilized to improve the physicochemical 
property and catalytic performance of existing Cu/SiO2 catalyst [14,19–21]. Yin et al. 
[19] studied Cu-Ni/SiO2 catalyst for DMO hydrogenation, and found that the catalytic 
activity was greatly improved on the Ni modified Cu/SiO2 catalyst due to the enhanced 
dispersion of Cu species. Zhao et al. [20] reported that boron oxide doping facilitated 
the dispersion of Cu species and enhanced the metal–support interaction of Cu/SiO2 
catalyst, thus brought significant enhancements in catalytic activity and stability of 
Cu/SiO2 catalyst in DMO hydrogenation reaction. Zheng et al. [21] researched the 
influence of adding lanthanum oxide into Cu/SiO2 catalyst on the properties of catalysts, 
which demonstrated that introduction of La promoter could strengthen the interaction 
between Cu species and silica support and restrain the sintering of catalyst in DMO 
hydrogenation. Using cerium (Ce) as catalyst promoter has aroused considerable 
concern in recent years as it shows excellently promoting effect in the hydrogenation 
reaction [22-24]. The promotion effect of Ce mainly originated from the following 
aspects, such as increasing the dispersion and electron density of active metal [25], 
improving the reducible nature of catalyst [22], enhancing the synergetic effect between 
Ce and active metal phases [26]. Although the Ce-promoted catalysts have been 
occasionally used for hydrogenation, the promotion effect of Ce species on Cu/SiO2 
catalyst for DMO hydrogenation to ethanol has not been systematically studied. 
In this contribution, a series of Ce promoted Cu/SiO2 (xCe-Cu/SiO2) catalysts for 
DMO hydrogenation to ethanol was synthesized though urea-assisted gelation approach. 
In combination with systematic characterizations, the promotion effect of Ce species on 
the Cu dispersion, interaction between Ce promoter and Cu species, activation ability of 
H2 species and catalytic activity of xCe-Cu/SiO2 catalysts were elucidated. 
 
3.2. Experimental section 
3.2.1 Catalysts preparation 
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xCe-Cu/SiO2 catalysts: xCe-Cu/SiO2 catalysts with 15 wt% Cu loading were 
prepared by urea-assisted gelation approach [21], which was described briefly as follow: 
3.4g Cu(NO3)2•3H2O and a quantitative amount of Ce(NO3)3•6H2O were dissolved in 
100 mL of deionized water, followed by addition of 28 wt% ammonia aqueous to obtain 
a dark-blue solution. The solution was then added 3.0 g of urea and stirred until the urea 
completely dissolved. Subsequently, 40 wt% Ludox AS-40 colloidal silica of 10.5 g was 
slowly dropped into the mixture under magnetic stirring. The resulting suspension was 
aged at 80 oC for 4 h under vigorously stirring, followed by filtration, washing and 
drying in vacuum under 120 oC. Then, the dried catalyst precursor was calcined at 350 
oC under air atmosphere for 2 h. The calcined sample was recorded as xCe-Cu/SiO2, 
where x stood for the preset weight percentage of Ce in the whole catalyst. Cu/SiO2 
catalyst was prepared by the same method for xCe-Cu/SiO2 but Ce(NO3)3•6H2O was 
not added. Cu/CeO2 catalyst with CeO2 as support was also prepared by the same 
approach, replacing the 40 wt% Ludox AS-40 colloidal silica with Ce(NO3)3•6H2O. 
For comparison, two other Ce-Cu/SiO2 catalysts containing 1 wt% cerium were 
prepared by post-impregnation and physical mixing of Ce species with Cu/SiO2 
precursor, respectively. For post-impregnation method, the Cu/SiO2 precursor was 
added with Ce(NO3)3•6H2O solution, and stirring at room temperature for 12 h. 
Subsequently, the slurry was dried at 120 oC, and calcined at 350 oC under air 
atmosphere for 2 h. The obtained catalyst was denoted as 1Ce-Cu/SiO2-i. For physical 
mixing method, the mixture of Cu/SiO2 precursor and Ce(NO3)3•6H2O was 
mechanically grinded before calcined at 350 oC under air atmosphere for 2 h. The 
obtained catalyst was denoted as 1Ce-Cu/SiO2-m. 
 
3.2.2 Catalysts characterization 
The identification of crystal phase was performed by powder X-ray diffraction 
(XRD) using a Rigaku D/max-2550 V diffractometer equipped with Cu Kα radiation (λ 
= 1.54056 Å). The XRD data was collected from 2θ values of 10-90o by scanning at a 
rate of 0.02o/s. The reduction of catalysts was studied by in situ XRD measurement at 
different temperature. The as-prepared catalyst was annealed under reducing gas ﬂow (5% 
H2-95% Ar) from room temperature to 200, 250, 300, 350, 400, 500, 600, 700 and 800 
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oC. The Cu crystalline size was calculated by Scherrer equation with Cu (111) 
diffraction peak at 2θ = 43.2o. 
The Fourier transform infrared spectroscopy (FTIR) analysis of catalyst was 
conducted on a SHIMADZU FTIR-8400. Prior to test, the catalyst was carefully mixed 
with KBr. Transmission electron microscopy (TEM) and scanning TEM (STEM) 
images were obtained using a JEM-2100F (JEOL) instrument at an acceleration voltage 
of 200 kV. Mean Cu crystalline size was obtained by counting more than 100 
nanoparticles in a spherical model. In addition, the elemental mapping using 
energy-dispersive X-ray spectroscopy (EDX) was performed to investigate the 
elemental distribution. 
Textural properties of catalyst were determined by N2 physisorption measurement 
using a Quantachrome AUTOSORB-1 under liquid nitrogen temperature. The catalyst 
was outgassed at 200 oC for 3 h under vacuum before the adsorption of nitrogen. The 
specific surface area (SBET) and mean pore size were evaluated by 
Brunauer-Emmett-Teller (BET) method and Barrett-Joyner-Halenda (BJH) method, 
respectively. 
The Cu dispersion was measured by the N2O titration method on a BELCAT-B-TT 
(BEL Japan Co. Ltd.) instrument. Firstly, 50 mg catalyst was reduced in a flow of 5% 
H2 from room temperature to 300 
oC, and the hydrogen consumption amount in this step 
was labeled as A1. After cooling to 60 
oC and purging with He for 30 min, a flow of 
pure N2O (30 mL/min) was injected until the metallic Cu was completely oxidized to 
Cu2O. Then, the catalyst was purged with He (30 mL/min) for at least 1 h to remove the 
residual N2O. Finally, the reduction of Cu2O was carried out from room temperature to 
500 oC, and the hydrogen consumption amount was denoted as A2. The Cu dispersion 
was calculated as follows: DCu = 2A2/A1×100% [12]. In order to exclude the disturbance 
of oxygen vacancies, the specific surface area of Cu was measured by a modified 
N2O-CO titration method [27]. Firstly, 50 mg catalyst was reduced in a flow of 5% H2 
from room temperature to 300 oC. After cooling to 60 oC and purging with He for 30 
min, a flow of pure N2O (30 mL/min) was injected to oxidize the surface Cu
0 to Cu+. 
Then, the catalyst was purged with He (30 mL/min) for at least 1 h to remove the 
residual N2O. Finally, a pulse chemisorption was conducted with 10% CO to determine 
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the total surface area of copper species. Combined the XCu+ obtained from Cu XAES, 
specific surface area of Cu0 and Cu+ can be calculated. 
The H2 temperature programmed reduction (H2-TPR) was carried out on a 
BELCAT-B-TT (BEL Japan Co. Ltd.) instrument with catalyst of 50 mg that has been 
treated at 150 oC to remove traces of water. After cooling to 50 oC, the measurement 
was conducted in a flow of 5% H2 with a ramping rate of 10 
oC/min to 800 oC. 
Hydrogen chemisorption was investigated using H2 temperature programmed 
desorption (H2-TPD) on the same equipment for H2-TPR measurement. The catalyst of 
50 mg was reduced in 5% H2-95% Ar (30 mL/min) at 300 
oC, followed by cooling to 
the temperature of H2 adsorption. The H2 adsorption was performed by flowing a pure 
H2 (30 mL/min) though the catalyst bed for 1 h. Subsequently, a flow of argon gas (30 
mL/min) was injected to remove the unabsorbed H2. Finally, the H2 desorption was 
recorded along with heating catalyst from 50 to 800 oC under argon atmosphere. The 
desorbed H2 was detected by mass spectrometry. 
X-ray photoelectron (XPS) and Auger (XAES) spectroscopy were performed on an 
AXIS ULTRA DLD instrument equipped with an Al Kα X-ray radiation source (hv = 
1486.6 eV). Firstly, the catalyst was pressed into thin disks and heated to 300 oC in pure 
H2 for 3 h. After cooling to room temperature, the reduced catalyst was placed into the 
XPS sample holder and transferred into the XPS chamber without exposure to air. The 
analysis was carried out under a vacuum of 1× 10-7 Pa. 
 
3.2.3 Catalysts evaluation 
The DMO hydrogenation reaction was conducted in a stainless steel fixed bed 
reactor under continuous mode. Briefly, the catalyst (0.125 g) was loaded into the center 
of reactor with quartz wool packed in both sides of the catalyst bed. Prior to initiating 
the reaction, the catalyst was reduced at 300 oC for 3 h with 5% H2-95% Ar. After 
cooling to reaction temperature, a pure H2 was introduced into the reactor, and the 
system pressure was adjusted to 2.5 MPa with a back-pressure regulator. Then, 15 wt% 
DMO/1, 4-dioxane solution was injected into the catalyst bed at a H2/DMO molar ratio 
of 200. Finally, the products were condensed and analyzed on a Shimadzu GC-2014AF 
gas chromatography instrument equipped with a flame-ionization detector and a 
DB-624 capillary column. 
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3.3. Results and discussion 
3.3.1 Structural evolution of catalysts 
The XRD patterns of Cu/SiO2, xCe-Cu/SiO2 and Cu/CeO2 catalysts were compared 
in Figure 3.1a. It is clear that no characteristic peaks ascribable to Cu-containing phases 
were detected in all catalysts, indicating the Cu species were highly dispersed on the 
catalysts prepared by urea-assisted gelation approach. In addition, Cu/CeO2 catalyst 
afforded diffraction peaks of CeO2 (JCPDS 34-0394) at 2θ of 28.5, 33.1, 47.5 and 56.3, 
suggesting that the Ce(NO3)3•6H2O precursor was mainly precipitated in the form of 
CeO2 after calcination [22]. After enlarging the XRD patterns, quite faint diffraction 
peaks ascribable to copper phyllosilicate phase could be observed on Cu/SiO2 and 
xCe-Cu/SiO2 catalysts. Therefore, the introduction of Ce species into Cu/SiO2 catalyst 
has no inhibitory effect on the formation of copper phyllosilicate phase. Related 
researches have confirmed that the copper phyllosilicate with a lamellar structure could 
afford high Cu dispersion of Cu catalysts [21]. In order to further study the effect of Ce 
species on formation of copper phyllosilicate phase, we adopted FTIR to discriminate 
and investigate the copper phyllosilicate phase. 
As the most convincing characterization, FTIR was well-adopted to discriminate 
copper phyllosilicate phase. As shown in Figure 3.2, the presence of δOH band at 670 
cm-1 and υSiO band at 1042 cm-1 suggested the existence of copper phyllosilicate phase 
in Cu/SiO2, 1Ce-Cu/SiO2, 1Ce-Cu/SiO2-i and 1Ce-Cu/SiO2-m catalysts [28]. Due to the 
υSiO band of copper phyllosilicate at 1042 cm-1 overlapped with the υSiO band of silica at 
1118 cm-1, the relative content of copper phyllosilicate could be roughly estimated using 
the intensity ratio of δOH band at 670 cm-1 to the υSiO band at 800 cm−1, which was 
defined as I670/I800 [21,29]. Obviously, compared with other catalysts, the 1Ce-Cu/SiO2 
catalyst emerged the largest value of I670/I800 (0.273), revealing the existence of a large 
number of hydroxyl groups caused by the formation of copper phyllosilicate. FTIR 
result indicated that introducing Ce species into Cu/SiO2 catalyst would significantly 
promote the formation of copper phyllosilicate phase. For 1Ce-Cu/SiO2-i catalyst 
prepared by post-impregnation of Ce species, the value of I670/I800 (0.182) was close to 
that of Cu/SiO2 catalyst (0.209), suggested that the introduction of Ce species into 
Cu/SiO2 catalyst by post-impregnation method induced unobvious changes on the 
copper phyllosilicate phase of Cu/SiO2 catalyst. However, the I670/I800 value of 
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1Ce-Cu/SiO2-m catalyst (0.095) prepared by physical mixing was far lower than that of 
Cu/SiO2 catalyst, which mainly attributed to the worsening of copper phyllosilicate 
phase caused by the long-time continuous grinding operation [21]. 
The morphology and size of calcined and reduced Cu/SiO2 and 1Ce-Cu/SiO2 
catalysts were investigated by TEM. As shown in Figure 3.3a and d, whisker-shaped 
copper phyllosilicate phase existed in calcined Cu/SiO2 and 1Ce-Cu/SiO2 catalysts. 
1Ce-Cu/SiO2 catalyst exhibited more copper phyllosilicate phase than Cu/SiO2, also 
indicated that introducing Ce species into Cu/SiO2 catalyst could promote the formation 
of copper phyllosilicate phase. After reduction at 300 oC for 3 h, the copper 
phyllosilicate phase in the calcined catalysts was reduced to form dispersed Cu 
nanoparticles. The dark Cu nanoparticles were uniformly distributed on the surface of 
light gray spherical SiO2 particles, confirmed by the Figure 3.3b and e. Compared with 
Cu/SiO2 catalyst, the particle size of Cu nanoparticles on 1Ce-Cu/SiO2 catalyst was 
obviously smaller, with a mean size of 4.35 nm. This finding indicates that introduction 
of Ce species into Cu/SiO2 catalyst facilitated the dispersion of Cu nanoparticles. 
Moreover, the distribution of Cu species and Ce promoter on reduced 1Ce-Cu/SiO2 
catalyst surface could be further determined by STEM-EDX mapping as presented in 
Figure 3.4. From Figure 3.4 we can see that both Cu and Ce species were highly 
dispersed on the surface of 1Ce-Cu/SiO2 catalyst, and the elemental mapping of Cu, Ce 
and Si species overlaid with each other. This result revealed that these species were in 
close contact with each other. The close contact could not only enhance the 
metal-support interaction, but also change the electronic properties of Cu species, which 
might be positive changes for the high activity and stability of 1Ce-Cu/SiO2 catalyst in 
DMO hydrogenation to ethanol. 
 
3.3.2 Redox properties of catalysts 
Cu catalysts, like other metal oxide-based catalysts, need an in situ reduction 
treatment before DMO hydrogenation reaction. A fundamental understanding of the 
exact reduction process of supported Cu oxides would assist in exploring the reductive 
behaviour of catalysts. 
The reducibility of Cu/SiO2 and xCe-Cu/SiO2 catalysts was investigated by 
H2-TPR characterization, and the profiles were displayed in Figure 3.5. In each case, 
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there was only a single H2 consumption peak, which was formed by the overlapped 
reduction peaks of copper species in copper phyllosilicate to Cu+ and highly dispersed 
Cu2+ species to Cu0 [12,21]. The Cu/SiO2 catalyst exhibited a reduction peak centered at 
279 oC. As a reference, H2-TPR of CeO2 supported 15 wt% copper was also studied 
(Figure 3.5f). The observed reduction peak centered at 179 oC was obviously lower than 
that of Cu/SiO2. For these Ce-promoted Cu/SiO2 catalysts, the reduction peaks 
gradually shifted to the lower temperature with adding more Ce species. Increasing the 
Ce loading from 0.5 to 2 wt%, the center of the reduction peak gradually shifted from 
276 to 261 oC. This phenomenon clearly demonstrated that addition of Ce species 
significantly promoted the reduction of Ce-promoted Cu/SiO2 catalysts. This promotion 
effect on reducibility of catalysts could be attributed to higher dispersion of Cu species 
and the electronic interaction imparted by the Ce species on the Cu active sites under 
reduction condition [24,30]. The incorporated Ce could promote the mobility and 
activity of surface oxygen species due to the redox property of Ce (Ce4+↔Ce3+) and the 
formation of oxygen vacancy [31,32]. For 1Ce-Cu/SiO2-i and 1Ce-Cu/SiO2-m prepared 
by post-impregnation and physical mixing, the reduction peak also slightly shifted to a 
lower temperature, but the temperature was still higher than that of 1Ce-Cu/SiO2 
prepared by urea-assisted gelation approach. It indicated that the contact between Cu 
and Ce species of 1Ce-Cu/SiO2 catalyst prepared by urea-assisted gelation approach 
was closer, which was more beneficial for the reduction and dispersion of Cu on 
catalyst. 
In order to investigate the effect of Ce on the Ce-promoted Cu/SiO2 catalysts, in 
situ XRD at different reduction temperature was employed to check the phase 
transformation from copper phyllosilicate to metallic Cu in the presence or absence of 
Ce promoter (Figure 3.6). For Cu/SiO2 and 1Ce-Cu/SiO2 catalysts, the characteristic 
peaks of copper phyllosilicate disappeared when the temperature reached 250 oC. 
Simultaneously, the presence of the metallic Cu phase could only be observed up to 250 
oC, evidenced by the appearance of diffraction peaks assigned to metallic Cu (JCPDS 
04-0836). However, for in situ XRD patterns of 2Ce-Cu/SiO2 catalyst (Figure 3.7) 
during the reduction process, the metallic Cu phase appeared when the reduction 
temperature reached 200 oC, lower than that for Cu/SiO2 and 1Ce-Cu/SiO2 catalysts. 
This phenomenon indicated that introduced Ce promoter was strongly interacted with 
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copper phyllosilicate phases, and this interaction tended to promote the reduction of 
copper phyllosilicate to metallic Cu. In addition, the average particle sizes of Cu 
nanoparticles on Cu/SiO2 and 1Ce-Cu/SiO2 catalysts were also presented in Figure 3.6. 
The calculated Cu nanoparticles size of 1Ce-Cu/SiO2 was smaller than that of Cu/SiO2 
at high reduction temperature, suggesting that introduction of Ce species was beneficial 
to inhibit the growth of small-sized Cu nanoparticles. Therefore, adding appropriate 
amount of Ce species could significantly enhance the reducible nature of Cu/SiO2 
catalyst, as well as inhibit the crystal grown of small-sized Cu nanoparticles. 
Table 3.1 and Figure 3.8 summarized the textural and chemical properties of all 
catalysts. It was found that the actual loading of Cu and Ce species in all catalysts were 
close to the designed values, as mainly attributed to the used preparation method. For 
the urea-assisted gelation method, the structure of catalyst was related to the preparation 
process. In comparison to pure SiO2, the introduced Cu might inhibit the agglomeration 
of SiO2 and form new pore structure, which promoted the dispersion of Cu and SiO2. 
The BET surface areas of xCe-Cu/SiO2 catalysts were in the range of 361.5 to 412.9 
m2/g, obviously higher than that of Cu/SiO2 catalyst (342.2 m
2/g), which indicated that 
the addition of Ce could increase the porosity of catalysts. Moreover, compared with 
Cu/SiO2 catalyst, the xCe-Cu/SiO2 catalysts possessed relatively high pore volume and 
average pore size. These changes could be explained by the change of textural 
properties as a result of introducing Ce species into synthetic system of urea-assisted 
gelation for xCe-Cu/SiO2 catalysts. It might be because that a small amount of 
introduced Ce3+ increased the disorder degree of system and influenced the interaction 
between Cu species and SiO2 during urea-assisted gelation process, which promoted the 
dispersion of Cu and SiO2. However, with the increasing amount of Ce, the BET surface 
area of xCe-Cu/SiO2 catalysts decreased. It indicated although the introduction of Ce 
during urea-assisted gelation process was conducive to increase the porosity of catalyst, 
increasing the addition amount of Ce did not continuously increase the porosity but 
decreased the BET surface area. In contrary, the 1Ce-Cu/SiO2-i and 1Ce-Cu/SiO2-m 
catalysts exhibited BET surface area with lower values than the Cu/SiO2 catalyst, 
indicating the introduction of Ce promoter into Cu/SiO2 catalyst by post-impregnation 
or physical mixing might result in negative effect on the textural properties of catalyst. 
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Cu dispersion and surface area of Cu, crucial factors affecting catalytic activity and 
stability of Cu-based catalysts, were measured by N2O titration. As shown in Table 3.1, 
the Ce-promoted Cu/SiO2 catalysts exhibited higher Cu dispersion (DCu) and Cu surface 
area (SACu) than those of Cu/SiO2 catalyst. The formation of more copper phyllosilicate 
phase resulted from fabricating Ce species into Cu/SiO2 catalyst was responsible for the 
improved Cu dispersion and surface area of Cu. The highest DCu and SACu were 
acquired on the 1Ce-Cu/SiO2 catalyst, and further increasing the Ce loading led to 
decreased DCu and SACu. For 1Ce-Cu/SiO2-i and 1Ce-Cu/SiO2-m catalysts, the DCu and 
SACu values were clearly lower than those of Cu/SiO2 catalyst, which might be ascribed 
to the blockage of some copper surface and destruction of Cu/SiO2 structure [21]. In 
addition, the insufficient surface area of CeO2 support should be responsible for the low 
Cu dispersion and surface area of Cu for Cu/CeO2 catalyst. 
 
3.3.3 Surface chemical states of catalysts 
H2 surface adsorption behaviors on reduced catalysts were investigated by H2-TPD 
technique, and the profiles were presented in Figure 3.9. One obvious desorption peak 
located at 70 oC appeared over Cu/SiO2 and xCe-Cu/SiO2 catalysts. To determine the 
origin of the H2 desorption peak, the pure SiO2 support and 1Ce/SiO2 were also 
investigated by the H2-TPD technique, and there was no H2 desorption peak at low 
temperature range. Based on published research in this field [33–35], the observed H2 
desorption peak at low temperature could be attributed to the chemisorbed hydrogen 
moderately adsorbed on metallic Cu surface. Apparently, the intensity of the H2 
desorption peaks on xCe-Cu/SiO2 catalysts was slightly higher than that of Cu/SiO2 
catalyst. For 1Ce-Cu/SiO2 catalyst, which possessed the highest DCu and SACu, the 
intensity of the desorption peak of chemisorbed hydrogen was strongest compared with 
other catalysts. In addition, the H2 desorption peak was lowered in 2Ce-Cu/SiO2 catalyst 
with the slightly lower DCu and SACu in contrast to the 1Ce-Cu/SiO2 catalyst. For 
Cu/SiO2 and xCe-Cu/SiO2 catalysts, the amount of H2 desorption is 19.6, 21.8, 24.7, 
22.3, and 20.5 μmol/gcat, respectively. It indicates that moderate amount of Ce addition 
is beneficial for the H2 adsorption. These results disclosed that the chemisorbed 
hydrogen was highly correlated with the surface metallic Cu atoms, and the varied Ce 
loading significantly influenced H2 activation. The addition of appropriate Ce species 
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into Cu/SiO2 catalyst could improve the Cu dispersion and stabilize the metallic Cu in 
small size, thereby the increased metallic Cu atoms of xCe-Cu/SiO2 catalysts could 
dissociate more H2 and bond with more active H-species. The enhanced H2 activation 
ability was beneficial to DMO hydrogenation to ethanol [36]. 
The XPS analysis was undertaken to determine the surface valence state of Cu 
nanoparticles in reduced catalysts. As shown in Figure 3.10a, only two peaks of Cu 2p1/2 
and Cu 2p3/2 centered at binding energies of 952.4 and 932.6 eV were observed over 
Cu/SiO2 and xCe-Cu/SiO2 catalysts. The absence of 2p satellite peak approximately 
located at 942 eV strongly suggests that most of Cu2+ were reduced to Cu1+ and/or 
metallic Cu after reduction by H2 at 300 
oC [12]. For 1.5Ce-Cu/SiO2 and 2Ce-Cu/SiO2 
catalysts, these two binding energies shifted slightly to the high energy, indicating the 
strong interaction existed between Cu and Ce species. The distinction of Cu0 and Cu+ 
binding energy was very minimal, hence the peaks cannot be well-differentiated. 
Nevertheless, their difference could be detected by Cu LMM XAES spectra. As 
illustrated in Figure 3.10b, broad and asymmetric peaks appeared on reduced catalysts, 
which indicated the coexistence of Cu0 and Cu+ on these catalysts. The surface 
distribution of Cu0 and Cu+ species could be investigated by deconvolution of spectra 
into two overlapping peaks at 916.8 and 913.1 eV, which corresponded to Cu0 and Cu+ 
species respectively [37]. In addition, the CeO2 species in xCe-Cu/SiO2 catalysts were 
partly reduced to Ce2O3 after reduction at 300 
oC for 3 h, as revealed in Figure 3.11. 
As shown in Table 3.2, the surface distribution of Cu0 and Cu+ species was 
remarkably controlled by Ce loading, and the ratio of Cu+ species gradually increased 
with the increase of Ce loading. This result confirmed the existence of strong interaction 
between Cu species and Ce promoter, as revealed by in situ XRD (Figure 3.6). This 
strong interaction not only increased the amount of Cu+ species, but also inhibited the 
sintering of Cu nanoparticles during reaction. 
 
3.4. Catalytic capability and stability 
3.4.1 Effect of Ce loading 
DMO hydrogenation reaction was carried out to investigate the promoting effect of 
Ce species on the catalytic capability of Cu/SiO2 catalysts. Under identical conditions, 
the Cu/SiO2 and xCe-Cu/SiO2 catalysts displayed high DMO conversion above 99%，
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while the ethanol selectivity showed a volcanic variation trend (Table 3.3). As the Ce 
loading increased, the ethanol selectivity reached its maximum at 1Ce-Cu/SiO2 catalyst 
with 91.8% selectivity. The Ce loading obviously affected the catalytic activity of 
xCe-Cu/SiO2 catalysts and the catalytic activity could be sequenced as: 1Ce-Cu/SiO2 > 
0.5Ce-Cu/SiO2 > 1.5Ce-Cu/SiO2 > 2Ce-Cu/SiO2 > Cu/SiO2. This result proved that 
introducing Ce species into Cu/SiO2 with appropriate loading could significantly 
improve the catalytic hydrogenation activity of Cu/SiO2 catalyst for DMO 
hydrogenation to ethanol. As for 1Ce-Cu/SiO2-i catalyst prepared by post-impregnation 
method, the catalytic activity was also superior to that of Cu/SiO2 catalyst, further 
confirming the promoting effect of Ce species on catalytic activity of Cu/SiO2 catalyst. 
However, the 1Ce-Cu/SiO2-m catalyst prepared by physical mixing showed poor 
catalytic activity, which was mainly due to the damage of copper phyllosilicate phase in 
Cu/SiO2 catalyst precursor caused by the long-time continuous grinding operation. 
As reported in previous work, DMO hydrogenation to ethanol was a stepwise 
reaction, including hydrogenation of DMO to methyl glycolate (MG), MG 
hydrogenated to ethylene glycol (EG) and further hydrogenation of EG to ethanol. 
Although no consensus has been reached on the precise roles of Cu0 and Cu+, it is 
generally accepted that the Cu0 species activates H2 while the Cu
+ species adsorb and 
stabilize methoxy and acyl species in DMO hydrogenation [38]. Therefore, both Cu0 
and Cu+ species were vital for the hydrogenation of DMO to ethanol. As shown in Table 
3.1 and Figure 3.9, the value of DCu and SACu were obviously increased after an 
appropriate Ce loading was introduced into Cu/SiO2 catalyst. In addition, the Cu LMM 
XAES characterization revealed that the ratio of Cu+ species gradually increased with 
the increase of Ce loading from 0 to 2 wt%. Moreover, the ethanol selectivity and Cu 
surface area present the similar variation trend with the increasing amount of Ce 
addition (Figure 3.12). The result indicates that the synergistic effect of Cu0 and Cu+ 
results in higher ethanol selectivity. Combining these two results, we can draw a 
conclusion that both the amount of Cu0 and Cu+ species on xCe-Cu/SiO2 catalysts were 
higher than those of Cu/SiO2 catalyst, which mainly resulted from the increased DCu and 
SACu and the strong interaction between Cu species and Ce promoter. Considering the 
role of Cu0 and Cu+ species in DMO hydrogenation to ethanol, the improved catalytic 
activity of xCe-Cu/SiO2 catalysts should be attributed to the enhanced amount of Cu
0 
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and Cu+ active sites, which were responsible for the activation of H2 and DMO. 
 
3.4.2 Effect of reaction temperature on the product distribution of 1Ce-Cu/SiO2 catalyst 
The catalytic activity of 1Ce-Cu/SiO2 catalyst as a function of reaction temperature 
(180-300 oC) was presented in Figure 3.13 and Table 3.4. The DMO conversion was 
only 87.9% when the reaction temperature was 180 oC and further increased to 99.5% 
when the temperature increased to 200 oC. Remarkably, maximum selectivity (95.7%) 
of ethylene glycol (EG) was obtained first at 200 oC, and then declined as the reaction 
temperature increased. The selectivity of ethanol increased from 0.6% to 91.8% as the 
temperature increased from 180 oC to 280 oC. This result manifested that at higher 
temperature, EG tended to hydrogenate to produce ethanol instead of dehydrate to 
produce byproducts. One interesting feature is that the selectivity of ethanol and EG can 
be regulated simply by adjusting the reaction temperature. EG is also a versatile raw 
material for the synthesis of a variety of products (e.g., solvent, antifreeze and 
polymers), which is mainly produced from petroleum-derived ethylene in the present 
industrial approach [39,40]. With the decline of crude oil reserve, developing an 
alternative synthesis route for production of EG has attracted increasing attention 
[41,42]. Therefore, this new synthetic route for the production of EG or ethanol simply 
by control of the reaction temperature in the same catalytic system could become 
considerably significant and promising in industry. 
 
3.4.3 Catalytic stability 
The long-term catalytic performance of catalyst is of great importance in the 
research and development of catalyst for DMO hydrogenation. As the studies point out, 
the poor lifespan of Cu catalysts severely hindered the practical industrial applications 
of DMO hydrogenation [35,43]. Accordingly, the catalytic stability experiments were 
performed on the optimal 1Ce-Cu/SiO2 and unmodified Cu/SiO2 catalysts. As 
demonstrated in Figure 3.14, the 1Ce-Cu/SiO2 catalyst maintained its stable DMO 
conversion and ethanol selectivity, with no decreasing even after 200 h of reaction. 
Nevertheless, the catalytic activity of unmodified Cu/SiO2 catalyst obviously dropped 
off after 60 h under identical reaction conditions. This comparison indicated that adding 
an appropriate amount of Ce species could significantly improve the catalytic stability 
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of Cu/SiO2 catalyst. 
In general, the aggregation of Cu nanoparticles and changes of valence state 
distribution of surface Cu species were believed to be the main deactivation reason of 
catalyst [14]. As shown in Figure 3.15, the obvious peaks ascribed to the Cu0 emerged 
on XRD of spent Cu/SiO2 catalyst. And the particles size of spent Cu/SiO2 catalyst 
obviously increased from 6.80 nm to 11.60 nm, whereas the particles size of spent 
1Ce-Cu/SiO2 catalyst increased from 4.35 nm to 6.54 nm obtained by TEM (Figure 3.16 
and Figure 3.17. As discussed above, the introduction of Ce species into Cu/SiO2 
catalyst not only facilitated the dispersion of Cu nanoparticles, but also inhibited the 
crystal grown of small-sized Cu nanoparticles (Figure 3.3 and Figure 3.6).  
The presence of Ce could increase the interaction between the Cu species and 
support. The strong metal-support interaction could inhibit the migration of Cu species, 
which depressed the agglomeration of Cu nanoparticles [44]. Otherwise, during the 
DMO hydrogenation reaction, the Cu+ would be reduced to Cu0 and the change of 
valence state of Cu species could accelerate the agglomeration of Cu nanoparticles. 
However, the presence of Ce could suppress the further reduction of Cu+, which also 
promoted the stability of Cu nanoparticles [45].Therefore, unlike Cu/SiO2 catalyst, 
1Ce-Cu/SiO2 catalyst could remain high dispersion of small-sized Cu nanoparticles, 
which was crucial for catalytic stability of catalyst in long-term reaction. Furthermore, 
synergistic effect between Cu0 and Cu+ species existed in DMO hydrogenation reaction. 
Taking account of the interaction between Cu species and Ce promoter, we speculate 
that a stabilizing effect of Ce promoter on the valence state of Cu species may 
contribute to the enhanced catalytic stability of 1Ce-Cu/SiO2 catalyst. 
 
3.5. Conclusions 
In this work, the Ce promoted Cu/SiO2 catalysts prepared by urea-assisted gelation 
approach exhibited excellent catalytic activity and stability for the synthesis of ethanol 
via DMO hydrogenation. The Ce promoted Cu/SiO2 catalyst with 1 wt% Ce loading 
displayed an outstanding ethanol selectivity of 91.8% compared to only 61.9% of the 
unmodified Cu/SiO2 catalyst. The characterization studies revealed that the introduction 
of appropriate Ce species into Cu/SiO2 catalyst significantly enhanced its structure, 
redox properties, H2 activation ability and surface concentrations of Cu
0 and Cu+ active 
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sites. The strong interaction between Cu and Ce species demonstrated by STEM-EDX 
mapping, H2-TPR and in situ XRD should be responsible for these promotive changes. 
Additionally, the selectivity for ethanol and EG could be regulated simply by adjusting 
the reaction temperature. In summary, this work presents a study on the effective 
utilization of Ce promoter in DMO hydrogenation to ethanol and an understanding of 
the promotional roles of Ce in structure and performance of Cu/SiO2 catalyst. The result 
will provide support and direction for the development of DMO hydrogenation to 
produce ethanol. 
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Table 3.1 Physicochemical characterization of different catalysts 
a Determined by ICP-OES analysis, b BET specific surface area calculated from N2 physisorption, 
c Total pore volume obtained from N2 
physisorption, d Average pore size obtained from N2 physisorption, 
e Cu dispersion determined by N2O titration, 
f Cu surface area per 
gram of catalyst calculated from the results of modified N2O-CO titration,
 g Calculated from H2-TPD. 
Catalyst 
Cu loading, 
wt% a 
Ce loading, 
wt% a 
SBET, 
m2/g b 
Vp, 
cm3/g c 
Dp, 
nm d 
DCu, % 
e 
SACu, 
m2/g f 
H2 desorption, 
μmol/gcat g 
SiO2 -- -- 148.0 0.4 5.9 -- -- -- 
1Ce/SiO2 -- 0.9 130.3 0.6 9.3 -- -- -- 
Cu/SiO2 15.5 -- 342.2 0.8 4.4 27.8 29.8 19.6 
0.5Ce-Cu/SiO2 15.3 0.5 412.9 1.2 5.6 34.6 36.7 21.8 
1Ce-Cu/SiO2 15.1 1.2 397.1 1.3 6.7 37.4 43.3 24.7 
1.5Ce-Cu/SiO2 15.4 1.6 388.3 0.9 6.0 33.1 38.1 22.3 
2Ce-Cu/SiO2 15.7 2.2 361.5 1.1 5.5 31.3 36.3 20.5 
Cu/CeO2 16.7 62.9 118.6 0.3 5.2 10.2 12.5 -- 
1Ce-Cu/SiO2-i 15.2 1.1 316.5 0.8 6.0 25.7 24.1 -- 
1Ce-Cu/SiO2-m 15.4 1.0 297.4 0.4 3.4 17.0 16.3 -- 
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Table 3.2 Deconvolution results of Cu LMM XAES of Cu/SiO2 and xCe-Cu/SiO2 
catalysts 
a Kinetic energy, b Intensity ratio between Cu+ and (Cu0 + Cu+)
Catalyst 
KE, eV a 
XCu+, % 
b 
Cu0 Cu+ 
Cu/SiO2 916.8 913.1 41.3 
0.5Ce-Cu/SiO2 916.8 913.1 45.3 
1Ce-Cu/SiO2 916.8 913.1 47.6 
1.5Ce-Cu/SiO2 916.8 913.1 49.4 
2Ce-Cu/SiO2 916.8 913.1 52.0 
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Table 3.3 Catalytic activity of catalysts in DMO hydrogenation to ethanol 
 
Reaction conditions: P = 2.5 MPa, T = 280 oC, WHSV = 0.8 h-1, H2/DMO molar ratio = 
200, reaction time= 8 h. MG: methyl glycolate, EG: ethylene glycol, others mainly 
consist of methyl methoxyacetate, methyl acetate, 1, 2-propanediol, 1, 2-butanediol and 
dimethyl carbonate. 
Catalyst T Conv. (%) 
Sel. (%) 
Ethanol MG EG Others 
SiO2 -- -- -- -- -- -- 
1Ce/SiO2 280 3.0 1.8 79.4 5.2 13.6 
Cu/SiO2 280 89.9 61.9 0.1 26.5 11.5 
0.5Ce-Cu/SiO2 280 100.0 76.7 0.3 12.9 10.1 
1Ce-Cu/SiO2 280 100.0 91.8 0.5 0.7 7.0 
1.5Ce-Cu/SiO2 280 99.9 75.2 0.0 11.5 13.3 
2Ce-Cu/SiO2 280 99.9 67.8 0.7 20.0 11.5 
Cu/CeO2 280 92.7 42.3 10.0 13.0 34.7 
1Ce-Cu/SiO2-i 280 99.6 77.7 0.5 10.3 11.5 
1Ce-Cu/SiO2-m 280 99.0 46.5 3.9 37.8 11.8 
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Table 3.4 Catalytic performance of 1Ce-Cu/SiO2 catalysts under different reaction 
temperature 
Catalyst T Conv. (%) 
Sel. (%) 
Ethanol MG EG Others 
1Ce-Cu/SiO2 300 100.0 88.6 0.8 0.8 9.8 
1Ce-Cu/SiO2 280 100.0 91.8 0.5 0.7 7.0 
1Ce-Cu/SiO2 260 99.8 73.2 1.0 9.8 16.0 
1Ce-Cu/SiO2 240 99.8 31.3 0.5 55.7 12.5 
1Ce-Cu/SiO2 220 99.5 8.6 0.6 85.4 5.4 
1Ce-Cu/SiO2 200 99.5 2.2 0.1 95.7 2.0 
1Ce-Cu/SiO2 180 87.9 0.6 22.9 71.7 4.8 
Reaction conditions: P = 2.5 MPa, WHSV = 0.8 h-1, H2/DMO molar ratio = 200, 
reaction time= 8 h. MG: methyl glycolate, EG: ethylene glycol, others mainly consist of 
methyl methoxyacetate, methyl acetate, 1, 2-propanediol, 1, 2-butanediol and dimethyl 
carbonate. 
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Figure 3.1 (a) XRD patterns and (b) enlarged XRD patterns of calcined catalysts
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Figure 3.2 FTIR spectra of catalysts: (a) Cu/SiO2, (b) 1Ce-Cu/SiO2, (c) 1Ce-Cu/SiO2-i 
and (d) 1Ce-Cu/SiO2-m. 
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Figure 3.3 TEM images of Cu/SiO2 (a: calcined; b: reduced; c: particles size 
distribution) and 1Ce-Cu/SiO2 catalysts (d: calcined; e: reduced; f: particles size 
distribution). 
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Figure 3.4 STEM and the corresponding EDX mapping images of reduced 
1Ce-Cu/SiO2 catalyst. 
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Figure 3.5 H2-TPR profiles of calcined catalysts: (a) Cu/SiO2, (b) 0.5Ce-Cu/SiO2, (c) 
1Ce-Cu/SiO2, (d) 1.5Ce-Cu/SiO2, (e) 2Ce-Cu/SiO2, (f) Cu/CeO2, (g) 1Ce-Cu/SiO2-i and 
(h) 1Ce-Cu/SiO2-m. 
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Figure 3.6 In situ XRD patterns after reduction at different temperature for the calcined 
catalysts: (a) Cu/SiO2 and (b) 1Ce-Cu/SiO2. 
20 30 40 50 60 70 80 90

 
SiO
2 


5.0
4.7
4.3
3.9
3.7
800
700
600
500
400
350
300
250
200
In
te
n
si
ty
 (
a
.u
.)
2 Theta (degree)
 Cu copper phyllosilicate
25
(a)
Size/nm



20 30 40 50 60 70 80 90





4.0
3.8
3.5
3.4
3.3
Size/nm
25
In
te
n
si
ty
 (
a
.u
.)
2 Theta (degree)
800
700
600
500
400
350
300
250
200
(b)  SiO
2 
 copper phyllosilicate  Cu
 
 
  
Chapter 3 
91 
 
Figure 3.7 In situ XRD patterns after reduction at different temperatures for the 
calcined 2Ce-Cu/SiO2 catalyst. 
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Figure 3.8 N2 physisorption isotherms of (a) SiO2, (b) 1Ce/SiO2, (c) Cu/SiO2, (d) 
0.5Ce-Cu/SiO2, (e) 1Ce-Cu/SiO2, (f) 1.5Ce-Cu/SiO2, (g) 2Ce-Cu/SiO2, (h) Cu/CeO2, 
(i)1Ce-Cu/SiO2-i and (j) 1Ce-Cu/SiO2 catalysts
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Figure 3.9 H2-TPD profiles of reduced catalysts: (a) SiO2, (b) 1Ce/SiO2, (c) Cu/SiO2, (d) 
0.5Ce-Cu/SiO2, (e) 1Ce-Cu/SiO2, (f) 1.5Ce-Cu/SiO2 and (g) 2Ce-Cu/SiO2.
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Figure 3.10 (a) Cu 2p XPS and (b) Cu LMM XAES spectra of reduced Cu/SiO2 and 
xCe-Cu/SiO2 catalysts. 
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Figure 3.11 Ce XPS of reduced (a) 0.5Ce-Cu/SiO2, (b) 1Ce-Cu/SiO2, (c) 
1.5Ce-Cu/SiO2, and (d) 2Ce-Cu/SiO2 catalysts. 
  
920 910 900 890 880 870
(b)
(c)
I
n
te
n
s
it
y
 (
a
.u
.)
u'"
u" u' u v'"
v" v' (d)
v
(a)
Kinetic energy (eV)
  
Chapter 3 
96 
 
Figure 3.12 The ethanol selectivity and Cu surface area versus the amount of Ce 
addition. 
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Figure 3.13 Catalytic activity of 1Ce-Cu/SiO2 catalyst as a function of reaction 
temperature. 
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Figure 3.14 Catalytic activity vs time on stream at 280 oC: (a) Cu/SiO2 and (b) 
1Ce-Cu/SiO2. 
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Figure 3.15 XRD pattern of spent Cu/SiO2 catalyst after 100 h reaction. 
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Figure 3.16 TEM image and particles size distribution of spent Cu/SiO2 catalyst.  
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Figure 3.17 TEM image and particles size distribution of spent 1Ce-Cu/SiO2 catalyst.
4 6 8 10
0
5
10
15
20
 
 
P
e
r
c
e
n
ta
g
e
 (
%
)
Particles size (nm)
Mean size = 6.54 nm
(b)
(a)
 Chapter 4 
102 
 
Chapter 4 
Summary 
With increasing concerns about depletion of fossil resources and environment issue, 
the development and utilization of clean and renewable energy as fuel and feedstock to 
synthesis chemicals have received more attention. Ethanol, as a clean fuel additive or a 
substitute for gasoline, has attracted increasing attentions because of its environmental 
and long-term economical advantages. In this thesis, we focus on designing novel 
heterogeneous catalysts for production of ethanol from syngas with dimethyl ether 
(DME) or dimethyl oxalate (DMO) as the intermediate. These two production processes 
of ethanol is highly competitive compared with the traditional processes of fermentation 
of sugars and corns and hydration of ethylene because syngas can be readily produced 
from a variety of carbon resources, such as natural/shale gas, coal, biomass, and even 
CO2.    
As mentioned in Chapter 1, we discovered EU-12, a new ETL topology zeolite, 
which has the excellent catalytic performance for converting DME to MA. To the best 
of our knowledge, this is the first example for EU-12 zeolite utilized in catalytic 
reaction for the MA production from DME carbonylation. By investigating reaction 
temperature in detail, the DME carbonylation reaction at 220 oC realized the highest 
MA selectivity (above 90%) on EU-12 zeolite. Further test was carried out at 220 oC 
and 1.5 MPa to monitor the catalytic stability of EU-12 zeolite. We found the 
conversion of DME slightly decreased form 15.7% at 2 h to 10.0% at 30 h and then 
retained stable at 50 h. Furthermore, the selectivity of MA kept as high as 90% during 
the whole operation. The results demonstrated that EU-12 zeolite is a substitutable 
catalyst for DME carbonylation process, which is an important step in the conversion of 
syngas to ethanol. 
 As mentioned in Chapter 2, ethanol was directly synthesized via the sequential 
reactions of DME carbonylation and MA hydrogenation. In this process, the HMOR or 
FER zeolite was employed to perform DME carbonylation and the CuZnAl was used to 
accomplish the hydrogenation of MA from the first catalyst bed. Based on the reaction 
characteristics, a novel dual bed reactor was successfully designed and employed as the 
catalytic reactor for ethanol synthesis. In this novel dual bed process, the DME and CO 
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were introduced into the reactor from the top of the first catalyst bed layer, but H2 was 
introduced into the second catalyst bed layer directly through an inner stainless steel 
tube equipped with evenly distributed holes. The DME conversion and ethanol yield in 
this novel dual bed reactor were nearly doubled if compared with that in the 
conventional dual bed reactor. By investigating the effect of reaction pressure to the 
DME carbonylation, we found that the DME conversion was almost proportional to the 
CO reaction pressure. Moreover, the optimal parameters for ethanol synthesis in this 
novel reactor were obtained. This smart design strategy can be also extended to other 
multistage sequential reactions.  
As mentioned in Chapter 3, in attempted to realize more efficient hydrogenation of 
DMO to ethanol, a series of cerium promoted Cu/SiO2 (xCe-Cu/SiO2) were designed 
and successfully prepared by urea-assisted gelation approach. By characterization the 
catalysts properties, we found that the appropriate Ce promoter in Cu/SiO2 catalyst 
played a crucial role in improving its structure, redox properties, H2-active ability and 
surface concentration of Cu0 and Cu+ active sites. By further confirmed by STM-EDX 
mapping, H2-TPR and in situ XRD, we discovered that strong interaction between Cu 
and Ce species was responsible for theses promotive changes. For ethanol synthesis 
from DMO hydrogenation, the Ce promoted Cu/SiO2 catalyst with 1 wt% Ce loading 
performed an excellent ethanol selectivity of 91.8% compared to only 61.9% of the 
unmodified Cu/SiO2 catalyst. Moreover, a significantly improved catalytic stability was 
achieved on Ce-Cu/SiO2 catalyst. Additionally, the selectivity for ethanol and EG could 
be regulated simply by adjusting the reaction temperature. These results indicate that 
boron doping is an effect approach for efficient ethanol production from DMO 
hydrogenation. These results indicate that Ce specie is an efficient promoter in Cu/SiO2 
for ethanol production from DMO hydrogenation.  
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